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FOREWORD 


This report describes the work performed between November 1975 and November 
1977 under Contract NAS 1-14112. Technical direction of the contract was performed 
by Mr. J. L. Shideler, NASA/Langley Thermal Structures Branch, Structures and Dy- 
namics Division. 

The program was managed by A. Variseo under the cognizance of F. Berger, 
Manager, Advanced Development System Engineering. Major contributions were made 
to the program by W. Wolter, Structural Temperatures; P. Bell, Structures; A. 
Borysewicz, Design; E. Leszak, Manufacturing; and H. Patterson, Instrumentation. 
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SUMMARY & INTRODUCTION 


1.1 SUMMARY 

A program was undertaken to develop a lightweight, efficient, metallic thermal 
protection system (TPS) applicable to future shuttle-type reentry vehicles, advanced 
space transports, and hypersonic cruise vehicles. Technical requirements and cri- 
teria were derived generally from the space shuttle. 

Grumman's corrugation- stiffened TPS design was used as the baseline starting 
point. The system was updated ant’ modified to incorporate the latest technology de- 
velopments and design criteria. Emphasis was placed on minimizing weight for the 
overall system. 

One basic design concept was developed during the program, and this concept 
was optimized for operation at two different temperatures using two different mate- 
rials: Rene 41, a nickel-base alloy for use to 1144 K (1600°F), and Haynes 188, a 
cobalt-base alloy for use to 1255 K (1800°F). Significant weight reductions were 
achieved over existing metallic systems. Moreover, the advanced TPS developed un- 
der this program are mass-competitive with the directly bonded RSI system presently 
used on the space shuttle. 

Two, extensively instrumented, full-scale test panels were fabricated, one 
from each material. Each pan 1 represented one and one-half bays and included an 
expansion joint. Both test articles were delivered to NASA/Langley for evaluation 
of cyclic life characteristics in the Langley Thermal Protection System Test Facility, 
which is capable of test conditions representative of entry flight. 

1.2 INTRODUCTION 
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The development of high-temperature, metallic heat shield TPS for entry ve- 
hicles has been a general subject of attention for many years. (See, for example, 
ref. 1-1 and 1-2. ) Recently, a greater interest in this area has been motivated by 
the space shuttle and its related technology requirements. As a result of this in- 
creased interest, NASA/ Langley initiated a broad-based program to develop TPS over 
the temperature range of 811-1589 K (1000-2400 F) and similar work was begun by 
many aerospace companies. (See ref. 1-3 through 1-11. ) As an extension to the 
NASA program, a contract was awarded to Grumman Aerospace Corporation to ad- 
vance technology for metallic TPS in the temperature range of 1144-1255 K (1600- 
1800°F) by incoiporating the latest technology developments and design criteria. The 
results of this effort are presented herein. 

In general, technical requirements and design criteria were derived from the 
space shuttle orbiter, although the s\ stems developed are app! 'cable to advanced 
space transports and hypersonic cru e vehicles. A state-of-the-art assessment and 
review was undertaken to identify premising design features of existing systems, in- 
cluding "V'-rent analytical techniques for predicting TPS performance. The review 
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reaffirmed that a corrugation- stiffened beaded- skin concept offered the most promise 
for a reliable minimum- mass TPS, and this system was used as the baseline starting 
point. Primary emphasis was placed on minimizing mass for the overall system. 

One basic design concept was developed under the program. The concept con- 
sisted of a corrugation-stiffened beaded-skin surface panel, a specially designed sup- 
port system, and an insulation package. Using the one basic design concept, two TPS 
were developed and optimized under the program: Rene 41, a nickel-base alloy for 
use to 1144 K (1600°F), and Ha_ nes 188, a cobalt-base alloy, for use to 1255 K 
(1800°F). One full-scale panel 61 cm (24 in.) wide by 91 cm \36 in.) long was fabri- 
cated from each material. Each panel represented one and one-half bays, and included 
a longitudinal expansion joint. Both test articles, which were instrumented to measure 
temperature and deflection, were delivered to NASA/ Langley for evaluation of cyclic 
life characteristics. 

1.3 SYM BO LS & UNITS 

Although calculations were made in U.S. Customary Units, they are presented 
in this report in the International System of Units (SI' also. Factors relating to the 
two systems are given in reference 1-12. Symbols throughout this report are defined 
as they are introduced. 

The appropriate quantities for the SI units used in this report are: 


Quantity 

Unit 

SI Symbol 

length 

meter 

m 

force 

newton 

N 

pressure 

pascal 

Pa 

mass 

kilogram 

kg 

temperature 

kelvin 

K 

jb rev iat ions for the following prefixes have been employed for multiples 
this report: 

Prefix 

Multiplication Factor 

Abb rev ’at ion 

centi 

io“ 2 

c 

milli 

ID' 3 

m 

kilo 

10 3 

k 

mega 

10 6 

M 

giga 

io 9 

G 


U: 

L! 


i . i • 


1-2 


! 


I 




■ 4 1 

v # : 


j 1 J 


(-j 

LtJ 


4:1 Lb 

■«■ • i 


fl: U) 


► H ! V 
• ; : I l-L 

I ' 

t. j 

;-b: r i 


!!Q 

i' 

ii 

fa 


1.4 REFERENCES 

1-1 Anderson, Roger A; and Brooks. William A. Jr.: Effectiveness of Radiation as 
a Structural Cooling Technique for Hypersonic Vehicles. Journal of Aero/ 
Space Sciences, January 1960. 

1-2 Anderson, Melvin S. ; and Stroud, C. Y' r . : Experimental Observation of Aero- 
dynamic and Heating Tests on Insult’ ag Heat Shields. NASA TN D-1237, 

March 1962. 

1-3 Stein, B. A. ; Bohon, H. L. ; and Rummler, D. R. : An Assessment of Radiative 
Metallic Thermal Protection Systems for Space Shuttle. NASA TMX-2570, 

July 1972. 

1-4 Black, W. E.: Evaluation of Coated Columbium Alloy Heat Shields for Space 
Shuttle Thermal Protection System Application. NASA CR-11 2119-2, 1973. 

1-5 Eidenoff, H. L. ; and Rose, L. : Thermal- Structural Evaluation of TD Ni-20Cr 
Thermal Protection System Panels. NASA CR-132487, June 1974. 

1-6 Deveikis, W. D. ; Miserentino, Ik; Weinstein, I.; and Shideler, J. L. : Aero- 
thermal Performance and Structural Integrity of a Rene 41 Thermal Protection 
System in a Mach 6.6 Stream. NASA TN D-7943, November 1975. 

1-7 Brandon, H. <7. ; and Masek, R. V.: Measurement and Correlations of Aero- 
dymanic Heating to Surface Corrugation Stiffened Structures in Thick Turbu- 
lent Boundary layers. NASA CR-132503, 1975. 

1-8 Bohon, H. L. : Saw>€’', j, Wayne ; Hunt, L. R. ; and Weinstein, I.: Performance 
of Thermal Proi?< .m Systems in a Mach 7 Environment. Journal of Space- 
craft and Rockets, vo’. 12, no. 12, December 1975. 

1-9 Rummler. F. R.; and Blae L ', W. E. : Evaluation of Coated Colum M um for 
Thermal Protection Syc.ems Application. ALAA Paper 75-817, Derver, 
Colorado, 1975. 

1-10 Johnson, R. , Jr.; and Killpatrick, D. Ik: Evaluation of Dispersion Strength- 
ened Nickel-Base Alloy Heal Shields for Space Shuttle Application. NASA 
CR-2614, March 1976. 

1-11 Davis, J. W. ; and Cramer, B. A.: Prediction and Verification of Creep 3e- 
ha’ior in Metallic Materials and Components for the Space Shuttle Thermal 
Protection System. NASA CR- 2685, July 1976. 

1-12 Metric Practice Guide. E380-72, Amer. Soc. Testing & Materials. June 1972, 


t 


j 



Section 2 



DESIGN CRITERIA & ENVIRONMENT DEFINITION 


2.1 DESIGN CRITERIA 
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Hie following thermal and mechanical loading conditions were developed for de- 
sign of the metallic TPS test specimen. Also discussed are other necessary design 
requirements to make the TPS compatible with the operating characteristics of a func- 
tional reentry vehicle such as a space shuttle orbiter. In general, techc’cal require- 
ments were derived from the space shuttle system; where deviations have been made, 
they are noted. The design requirements and critical loading conditions are sum- 
marized in table 2-1 . 

Table 2-1. — Lower surface (mid-fuselage) design conditions. 


Condition 

Pa 

psf 

Fig. 

Continuous surface pres®, at T max (entry) 

862 2490 

18-52 

2-3 

Max maneuver surface press, at T max (entry) 

8618 

180 

23 

Max temp level during entry - Haypes 

1255 K 

1800°F 

23 

Max temp level during entry - Rene 

1144 K 

1600°F 


Max dynamic press — entry 

11 490 

240 

2-3 

Max dynamic press. - boost 

33 516 

700 

2-4 

Max surface press differential — boost 

+13 885 

+290 



-20 588 

-43C 


Max surface press, differential — postentry 

+16 758 

+350 


(Subsonic fiiglui 

-12 448 

-260 


{ Acoustic environment 

1 

Liftoff 




• Overall sound press, level 

161 db 


• Critical 1 /3-octave band level 

150 db 


Max qa (ascent) 




* Overall sound press, level 

158 db 


* Critical 1 /3-octave band level 

146 db 


Allowable permanent deflection between 




Panel supports 

6 = 0.1 + 0.1L 



Factors of safety 


Mechanical loads 


Thermal effects 


Max primary structure temp rise 

< T m a x- T i„i«iar 350 ° F - 120 - 230),: > 


Flutter 


1.0 limit 

1.15 yield 

1.4 ultimate 

1.0 creep deflection 

1.0 limit 

1.4 ultimate 


383 K 


230° F 


Reference 4-2 


22 1 7 a r-w 
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The mission profile and environmental parameters considered in the TPS design 
requirements are: 

• Launch/boost - acoustic vibration, maximum aerodynamic pressures 

• Orbit - initial TPS temperature at start of entry 

• Entry - maximum aerodynamic heating, aerodynamic loads 

• Postentry flight - maneuver loads, touchdown loads 

• Ground handling - weather, inspection, refurbishment, storage 

Specific design requirements are discussed in the following paragraphs. 

2.2 DESIGN GOALS 

In addition to the loading and thermal criteria, the test specimen was designed 
to meet the following goals: 

• Reuse capability of 100 missions 

• Minimum leakage at expansion joints 

• Simple removal of panels 

• Surface emittance of 0. 80 or higher 

• Moisture - In contrast to the current orbiter design, no special design re- 
quirements were included in this design to control TPS moisture absorption. 

It was assumed that during ground storage, prelaunch, and ferrying the 
vehicle will be protected from exposure to direct water impingement and 
high humidity conditions of ground support equipment. Immediately after 
entry and up to one hour after landing, the insulation will not absorb mois- 
ture because the residual heat stored in it during entry is sufficient to dry 
the insulation. This built-in protection would be effective in situations short 
of heavy rainstorms. If the vehicle is inadvertently exposed to rain or high- 
humidity condensing cycles, a drying cycle will be required before vehicle 
launch. The most significant concern in relation to water absorption for 
fibrous insulation is the associated increase in mass. 

• Surface contour - The allowable panel surface normal permanent deflection 
between supports was y = 0.254 + 0. OIL, where y is maximum deflection in 
cm and L is panel span. (This deflection criterion was taken from ref. 2-2, 
vol. II, p. 7-4. ) This requirement will limit the total amount of creep defor- 
mation over 100 mission cycles. 

• Surface roughness - To avoid uncontrolled ingestion of high-energy boundary- 
layer air in the panel expansion joints, all such potential gars were aft facing 
in relation to the general flow direction. Also, the height of surface steps, 
beads, and protruding fasteners was such that local interference-heating ef- 
fects will not be excessive. 
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2.3 THERMAL CONDITIONS 

Hie primary thermal requirement *«. he TPS is entry heating from orbit, with 
a 100-mission reusability goal. Space shuu.o orbiter entry trajectory 14040 was used 
as a design requirement for this program. Its salient features are shown in figure 
2-1. The typical, external, heat-flux history for most of the vehicle’s lower surface 
is shown. Maximum-temperature isotherms for the lower surface are shown in figure 
2-2. The specific area of concern for the test specimen is the 1144-1255 K (1600 to 
1800°F) temperature range. The surface-temperature history is shown in figure 2-3. 

The thermal condition which determines the insulating requirement for the TPS 
is that in which the maximum TPS/primary structure temperature exists at the begin- 
ning of entry. Space shuttle mission 3, which is a launch into orbit and return to the 
launch site within a single revolution, creates a condition in which the residual effects 
of launch aerodynamic heating are still present when the vehicle starts its entry man- 
euver. The temperature on the lower surface structure at the start of entry for mis- 
sion 3 is 322 K (120°F). This temperature was used as the initial TPS/ structure tem- 
perature in conjunction with the 14040 entry trajectory heating. 

The insulation was sized to limit the temperature of the primary structure to a 
maximum of 450 K (350°F) during entry and subsequent postlanding soak-out. Ground 
soak-out assumed a 311 K (100°F) ambient environment. The primary structure had 
the equivalent thermal heat-sink capacity of a . 51-cm (0. 2-in.) thick aluminum plate 
with an adiabatic back face. 



Figure 2-1. — Design entry treiectory. 
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Time after start of entry, sec 
Figure 2-3. — Surface temperature and pressure profile. 
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Another thermal condition of significance is that which produces the maximum 
temper*- ure gradients in the TPS/ structure. Shuttle studies have shown that this con- 
dition is one in which the minimum TPS/structure temperature exists at the start of 
entry. The minimum starting temperature for the current shuttle orbiter lower sur- 
face is the resu 1 ' of mission 2, tail-sun orientation, and results in a 203 K (-95°F) 
temperature for the lower surface. This temperature was used as the minimum start- 
ing temperature in this study, in conjunction with entry trajectory 14040. 

2.4 DIFFERENTIAL PRESSURE LOADING 





Twc types of static pressure loadings were considered in the design of the TPS. 
The f-bt is maximum maneuver load conditions, which are intermittent and of short 
du- cion. The static strength of the panel must be sufficient to withstand these loads, 
'’’he maximum maneuver load factor for the current orbiter is 2. 5g during entry and 
subsonic flight . However, there is insufficient aerodynamic force to produce 2.5g 
maneuver until about 1200 sec after the start of entry, which is near the end of maxi- 
mum heating (see fig. 2 - 3 ). The maximum maneuver line in figure 2-3 represents 
the maximum intermittent pressure differential on the lower surface for the entry 
maneuver 


□ 
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The second type of static pressure loading considered is the continuous- loading 
It . el at high temperature, which was used to determine the amount of creep that 
occurs in the panel. This is the equilibrium flight pressure loading line shown in 
figure 2-3. 



2-r, 





.Jl 



i! 

■■ 

' . 1 1 


The maximum pressure differentials during boost and postentry subsonic flight 
are shown in table 2-2; they occur at low temperatures. The boost trajectory is shown 
in figure 2-4. 


Table 2-2. — Orbiter lower surface maximum differential pressures for boost and postentry flight. 
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Max negative kPa (psf) 

Max positive kPa (psf) 

Condition 

Limit 

Ultimate 

Limit 

Ultimate 

High Q boost 

-20 61 430) 

28 8 1-602) 

•13 9 ( + 2901 

*19 4 (+406) 

Postentry 

: 

-12 6 1 2601 

17 4 (-364) 

*1681*3501 

+23 4 (+490) 
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Figure 2-4 — Design boost trajectory. 
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The pressure* loading conditions used here were derived from critical design 
conditions supplied by Rockwell International and postprocessed by Grumman in the 
course of the shuttle orbiter wing design effort. 

2.5 ACOUSTIC ENVIRONMENT 

Liftoff and ascent overall sound pressure levels are given in table 2-1. These 
levels are approximately the same ones used to test a corrugation-stiffened, beaded- 
skin TPS test panel similar to the panel designed for this program. The test, which 
was performed in the Grumman Sonic Test Facility, is documented in reference 2-1. 
The test panel endured the 100-mission equivalent of 5100 sec of high-intensitv acous- 
tic pressures, without failure. Because of this successful test, an acoustic analysis 
was not performed on the new design. 

2.6 REFERENCES 

2-1 Development of a Reusable Metallic TPS for Lifting Reentry Vehicles. ADR 
02-04-70.1, Grumman Aerospace Corporation, April 1970. 

2-2 Prediction and Verification of Creep Behavior in Metallic Materials and Com- 
ponents for the Space Shuttle Thermal Protection System. NASA CR-132605, 
vol. I and II, June 1975. 


2-7 



Section 3 


MATERIAL PROPERTIES 

3. 1 CANDIDATE MATERIALS - METALLIC TPS 

Candidate metallic TPS materials underwent considerable experimental evalua- 
tion during the early phases of the space shuttle program. At that time, studies were 
performed to determine which of the commercially available high-temperature metal 
alloys appeared most attractive for use in the surface panel and support structure. 
Consideration was given to the availability, fabricability, oxidation resistance, ther- 
mal stability at peak temperature, and availability of sufficient mechanical-properties 
data at temperature. The candidate alloys were Ti-6Al-25n-4Zn-2Mo, duplex an- 
nealed; Rene 41 solution heat treated and aged; Haynes 25 or 188; Inconel 718; TD 
Ni-20Cr; and Cb 752 coated with R512C. 

A conceptual panel design was used as the focal point of a design analysis to 
determine compaiative weights of metal panels utilizing the candidate alloys over the 
temperature range of 589-1588 K (600-2400°F). The results of the study (ref. 3-1) 
indicated that to minimize TPS weight for a given vehicle requires the use of more 
than one alloy for panel construction. A vehicle such as a shuttle orbiter will require 
the use of at least three different alloys for the ''acreage” lower-surface TPS. To 
minimize the weight of a panel using a given alloy requires a careful design optimi- 
zation, which results in a specific cross-section geometry and material gauge. 

Panels so designed of different materials must interface with one another over a 
large lineal footage. To minimize the need for special interface panels and to re- 
duce development costs, it seems desirable to arrive at a common design concept 
for all metal panels which cover this large "acreage.” A common design concept 
requires some tradeoffs, since the early study indicated that minimum-weight panel 
cross sections for all the candidate materials are not identical. The study showed 
that Rene 41 is lightest in the range of 755-1144 K (900-l600°F). Haynes 25 or 188 
was lightest in the range of 1144-1255 K (lfi()0-1800°F). 

The program reported herein was limited to optimizing a TPS in both I 'ne 41 
and Haynes ISs since the range of temperatures covered by these materials would 
encompass the major portion of TPS requirements for a typical vehicle. No materials 
testing was performed under the program since adequate data on Rcne / 41 and Haynes 
188 were already available. 

There were, however, two areas of concern with these materials: establishing 
allowable design stresses under creep conditions and determining a thickness allow- 
ance for emittance treatment and oxidation losses. These areas were investigated 
in the program, and design allowables were established. These areas will be dis- 
cussed later in this section. 

3.2 HAYNES 188 PROPERTIES 

Haynes 188 alloy is a cobalt -base alloy possessing excellent high-temperature 
strength anil oxidation resistance to 13(57 K (2000°F). Its excellent oxidation resis- 
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tance results from minute additions of lanthanum to the alloy system. The lanthanum 
modifies the protective oxide scale in such a manner that the oxide becomes extremely 
tenacious and impervious to diffusion when exposed to temperatures through 1367 K 
(2000°F). All properties which follow for Haynes 188 are for the solution-heat- 
treated condition - heating to 1450 K (2150°F) followed by either a rapid air-cool 
or water quench. 

3. '2. 1 Chemical Composition 


• Chromium: 

• Nickel: 

• Tungsten: 

• Iron: 

• Carbon: 

• Silicon: 

• Manganese: 

• Lanthanum : 

• Cobalt: 


20-24' ( 

20-24 

13-16 

3, maximum 
.05-. 15 
.20-. 50 

1.25, maximum 
.03-. 15 
balance 


3.2.2 Physical & Mechanical Properties 


• Density tRT): 0.13 g/cu cm (.330 Ib/cu in.) 

• Incipient fusion temperature: 1603 K (2425°F) 

• Klectrical resistivity (H I ): 92. 2 microhm 'em 

• Poisson's ratio: M .20 (RT, ref. 3-2) 

• Mean coefficient of thermal expansion vs temperature: figure 3-1 

• Thermal conductivity vs temperature: figure 3-1 

• Specific heat vs temperature: figure 3-1 

• Oxidation resistance: The outstanding oxidation resistance of Haynes 188 is 
illustrated m figure 3-2, where it is compared to Haynes 25 and Hastelloy X, 
two allots known for their resistance to oxidation 

• Mechanical properties: The design mechanical properties were assumed to 
be the same as for Haynes 25, and were taken from reference 3-3. Table 
3-1 gives the properties used in the program. 
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3.2.3 Establishment of Creep Allowable Stress 

An analysis was made to determine the allowable stress based on creep strains 
for a typical corrugation-stiffened Haynes 188 panel cross section subjected to uniform 
pressure loading. The panel was assumed to be a simply supported beam subjected 
to a uniformly distributed load. The maximum allowable permanent center deflection, 
taken from reference 2-2, is: 


y . 254 + . OIL 
where L is the span, in cm. 


(3-1) 


Creep deformations cause nonelastic strain distributions in a beam cross sec- 
tion, but the elastic beam relationship was used as a first approximation to obtain an 
allowable strain. For the simply supported beam, the center deflection is: 

v — 2_ (3-2) 

5 max 384 El ' ' 

where w is the unit load. 

If it is assumed that an optimum panel cross section is one with the neutral axis 
at the mid-depth, so that tension and compression strains are equal, the outer fiber 
strain is: 

MC 


max 


- El 

therefore, 0 
wL“C 
e ± ■ 


and M 


max 


wL‘ 

8 


max 


8EI 


(3-3) 


(3-4) 


If creep stress-strain relationships are assumed to be identical for tension and 
compression, equations (3-2) and (3-4) combine to obtain strain in terms of center 
deflection: 


9. (i v C 
■ max max 


‘allow. 


Using equation (3-1) to define y , 


‘allow. 


2. 44 C - . 096 C L 
max max 


i: 


(3-5) 


(3-5) 


From reference 2-2, Yol 11, equation 7-1, page 7-4, the following equation for 
creep strain in Haynes 188 is obtained: 


In € -2.89413 -.01743t ^ .54892 In t + 1.31015 lncr 

-6.66548 (1/T) ‘ .19131 a In T 4 .00021 Tat 

where: 

t ~ total accumulated time at T hours 

max 


(3-6) 


L J 


i I 
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c r stress level, in MPa 
T - temperature, in K/1000 
e strain, in 9; 


A typical configuration for a metallic TPS panel is expected to have a span of 
48. 3 cm (19. 0 in. ) with a cross-section depth of 1. 52-2. 54 cm (. 60-1. 0 in. ). From 
equation (3-5), e a ^j ow is a function of cross-section depth, h: 

h, cm (in. ) allow. * f< 

1.52(0.6) .23 


2.03 (0.8) 


.31 


2.54 (1.0) 


.39 


For the design heating mission. 


t 


T 

max 

T 


16. 7 hr (time at T 

= 1255 K (1800°F) 
1255 


max 


1000 


1.255 


for 100 cycles at 10 min/cycle) 


Substituting values and rearranging equation (3-6) to solve for stress, o . that corres- 
ponds to€ a u ow ♦ we obtain the following cr a ji ow : 

, .. , HS-188<r * MPa (P si > 

h, cm (m. ) allow. 


1.52 (0.6) 
2.03 (0.8) 
2.54 (1.0) 


26.4 (3828) 
29.0 (4175) 
31 3 (4539) 


The allowable sti'ess, therefore, within the depth range of 1.52-2.5 4 cm (.6-1,0 in,), 
can be expressed as: 

°allow ~~ 1 9 « 1 4 4. 8h (MPa) ^2770 + 1770h (psi)] 


Nou that the allowables shown are based on simple-element creep data. It was 
assumed that the coefficients of equation 3-6 do not change with time and that strain 
hardening and the effects of permanent creep deformations have a negligible effect. 

3.2.1 Design Allowance for Oxidation Losses 

Since thin-gage material, 0.25 cm (.010 in.) or less, was to be employed and 
because Haynes oxidizes at elevated temperatures, it was necessary to include a de- 
sign allowance (thickness increase) to provide for losses due to pre-oxidation to 
increase eniittance and due to oxidation during sendee life. 
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Table 3-1. — Haynes 188 mechanical properties. 




Stress at temperature 


Property 

294 K 

70 F 

1255 K a 

1800 F a 

F tu 

890 "Pa 

130 ksi 

145 MPa 

21 ks> 

F n 

3 ”*9 MPa 

55 ksi 

76 MPa 

11 ksi 

F CV 

379 MPa 

55 ksi 

70 MPa 

11 ks> 

E 

234 tiPa 

34 000 ksi 

94 4 GPa 

1 3 700 ksi 


a The I'ftect ot temperature 011 F jy, F jy. F^y, and E is given in leference 3-3, based on 1 2 hi exposuie, wi h 

cannot be used toi TPS design The values listed ate based on 25 hi exposure, and weie taken tiom icteience 
2-1, based on j 0 4°,, cieep strain 


The follow inti design requirements were assumed in preparing the estnnat 
oxidation loss: 

• Peak service temper iture will be 1255 K (1800°F) 

• The mission cycle will include 10 min at peak temperature 

• Each panel will have a 100-mission life 

The use of an applied surface coating for emittance control was to be avoided. 
The surface oxide of the US-188 was to be used, if possible. A total hemispherical 
emittance of .80, or more, at 1255 K (1800°F) was a goal. 

3. 2. 4. 1 Allowance Required for Kmittance Treatment 

The omittance requirements were to be fulfilled by a preoxidation treatment 
during final stages of con ronent fabrication. An oxide film thickness of .00025 cm 
(.0001 in. ) was thought sufficient to achieve the required value. 

3. 2.4.2 Allowance Required for Oxidation Losses 

Oxidation under entry conditions is dependent on peak temperature, number of 
exposure cycles, atmospheric pressure at peak temperature, and airflow rate. Two 
experimental oxidation studies have been conducted on liS-188 under conditions that 
simulated space shuttie entry conditions. 

The first of these activities, reference 3-4, involved the cyclic self-resistance 
heating of sheet specimens in a reduced-pressure air environment. The thermal 
cycle involved heating to 1477 K (2200°F), holding for 30 min, and then cooling to 
room temperature. The specimens underwent 100 thermal cycles. I'he test atmo- 
sphere, air, was maintained at a pressure of 1333 Pa (10 tom. The test specimens 
underwent a metal thickness loss of .00089 cm (0.00035 in.) ner side. 

The second effort in this area, reference 3-5, utilized an arc-jc-t to simulate 
space sluuife i nt r\ conditions. Sheet specimens were inserted into a Mach t> test 



stream for 30 min and then allowed to cool. The test temperature was 137b K 
(2020°F), surface pressure was 1013 Pa (7/0 torr). After 30 30-min cycles, the 
test specimens had lost . 0019 cm (.00075 in. ) of thickness per side. 

Obviously, the most conservative approac 1 - would be utilization of the ire-jet 
test data. However, the oxidation which occui at 1378 K (2020°F) was a result 
of a significantly higher oxidation rate than that which occurred at temperatures 
of 1255 K (1S00 6 F) or below. References 3-2 and 3-0 show that the oxidation rate 
at 1300 K (2000°F) is double the rate at 1255 K (1800°F). Therefore, an oxidation 
loss allowance ot .0010 cm (.0001 in.) was used for the external surfaces of the 
TPS panel. 

3.2. 1.3 Total Allowance Required for Emittance & Oxidation 
In summary, the allowances provided are: 

• External air-passage surface (beaded skin) 


- Emittance allowance (.00025 cm side): 

. 00051 cm 

. 0002 in. 

- Oxidation allowance (.0010 cm, exterior): 

.00100 

0001 

- Total allowance: 

.00151 cm 

. 0000 in. 

internal surfaces (corrugation)* 



- Emittance allowance (. 00025 cm /'side): 

. 00051 cm 

. 0002 in. 


3.3 KENT -11 PROPERTIES 

Rene -11 is a vacuum-melted, nickel-base alloy possessing exceptional!} high 
strength in the temperature range of 920-1255 K (1200-1800°F>. It is a precipitation- 
hardening allot, and its strength is developed by various solutioning and aging heat 
treatments. Ad properties which follow for Rene 11 are for forging at 1150 K 
(2150°F», age hardening at 1172 K (lf>50°F) for 1 hr, and air cooling. 

3.3.1 Chemical Composition 


• 

Chromium; 

18. 00-20.00 

• Titanium: 

3. 00-3,30 

• 

Iron: 

5. 00 

• Molybdenum: 

9. 00-10. 50 

• 

Carbon: 

0.05-0. 12 

• Aluminum: 

1. 10-1. i if) 

• 

Silicon: 

0. 50 

• Boron: 

0.003-0.010 

• 

Cobalt: 

10.00-12.00 

• Sulphur: 

0.015 

• 

.■Manganese: 

0. 10 

• Nickel: 

balance 


‘Internal!}, no allowance beyond the emittance allowance was required because of the 
low-pressure quiescent condition of the internal air. 



3.3.2 Physical & Mechanical Properties 


• Density: 8.25 g.'cu cm (. 298 Ib/cu in. ) 

• Melting temperature: 1580 K (2385°F) 

• Specific heat: . 108 cal g°C (. 108 Btu/lb°F) 

• Poisson's ratio (m): .31 at 300 K, .35 at 1150 K 

• Mean coefficient of thermal expansion vs temperature: figure 3-3 

• Thermal conductivity vs temperature: figure 3-3 

• Specific h< t vs temperature: figure 3-3 

• Mechanics', properties: The design mechanical properties were taken from 
reference 3-3. Table 3-2 gives the properties used in the program 

3.3.3 Establishment of Creep Allowable Stress 

The procedure for determining the Rene 41 allowable stress based on creep 
strains is identical to the one developed for Haynes, which is given in para 3.2.3. 
Equations (3-1) through (3-5) are applicable to Rene 41 with identical results. 

From reference 2-2, Yol n, equation 7-3, page 7-4, the following equation for creep 
strain in Rene 41 is obtained; 

In < - -39. 55860 + 29. 13646T + . 71922 In t 

+.92125 (In a - 1.931) - . 000016 cr 2 

+. 08183 (In a - 1. 931) 3 - . 000125 t cr T + . 0000105 T 3 

where: 

t - total accumulated time at T (16. 7 hr) 

max 

T -- te.aperature, in K/1000 - 1144/10000 - 1. 144 
€ - strain, in r < 
cr- stress level, in MPa 
From equation (3-5), we obtain 

, r 

Cross-Section Depth, h, cm (in.) allow.’ ' 


1.52 (0.6) 

.23 

2.03 (0.8) 

.31 

2.54 (1.0) 

• * • 


A— *'-T 


* 4 , 


* 1 

. J , 


ej4±> 




u 

[j 


.J 


?2i mow 



TEMPERATURE. K 

Figure 3 3. - Thermal expansion coefficient (a), thermal conductivity IK), 
and specific heat vs temperature for Rene 41. 
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Table 3 2. — Rene 41 mechanical properties. 


Property 

Stress at temperature 

249 K 

70 F 

1144 K 

1600 J F 

F «u 

1 158 MPA 

168 ksi 

603 MPa 

87 4 ksi 

F tv 

876 MPa 

127 ksi 

524 MPa 

76 0 ksi 

F cy 

931 MPa 

135 kri 

400 MPa 

58 ksi 

E 

218 GPa 

31 600 ks' 

122 GPa 

17 700 ksi 


22 \ 7-9W 


Substituting values and rearranging equation (3-6) to solve for stress, cr , that 


corresponds to « a ^| ow vve obtain: 

Cross-Section Depth, h, cm (in.) 

1.52 (0.6) 

2.03 (0.8) 

2.54 (1.0) 


fallow.’ MPa 
62.50 (9063) 

72.06 (10 456) 

81.60 (11 832) \ 

i 

* 

\ 

t 

* i 
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The allowable stress, therefore, within the depth range of 1.52-2.54 cm 

(.60-1.0 in.), car. be expressed as: 

°allow = 33,9 + 18 * 8 ,l <M p *> [ 4910 + 6920 h (P si >] 

3.3.4 Design Allowance for Oxidation Losses 

The oxidation resistance of Rene 41 is good up to 1255 K (1800°F). Therefore, 

the allowances required for emittance treatment were assumed to be the same as for 

Haynes 188. The allowances (thickness increase) required are: 

• External air-passage surfaces 

- Emittance allowance (.00025 cm/side): .00051 cm .0002 in. 

- Oxidation allowance C 0010 cm, exterior): .00100 .0004 

- Total allowance: .00151cm .0006 in. 

• Internal surfaces 

- Emittance allowance (.00025/side): ,00051 cm (.0002 in.) 

3.4 REFERENCES 

3-1 Material Choice for Lightest Metallic Heat Shield. Grumman Memorandum 
B35-197-MO-11, revision A, December 1970. 
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3-3 ..iIL-HDBK-5, Metallic Materials and Elements for Flight Vehicle Structures. 

3-4 Sanders, W. A; and Barrett, C. A.; Oxidation Screening at 1204°C (2200°F) of 
Candidate Alloys for the Space Shuttle Thermal Protection System. NASA 
Technical Memorandum TM X-67864, Lewis Research Center, Cleveland, 
Ohio, October 1971. 

3-5 Centolanzi, F. J.; Probst, H. B. ; Lowell, C. E.; and Zimmerman, N. D. : 

Arc -Jet Tests of Metallic TPS Materials. NASA Technical Memorandum TM 
X-62092, Ames and Lewis Research Centers, October 1971. 

3-6 Lund, C. H. ; and Wagner, H. V.: Oxidation of Nickt' and Cobalt Base Super 
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Section 4 


TPS CONCEPT SELECTION & DESIGN 


4.1 STATE-OI'-THE-ART ASSESSMENT & REVIEW 

A review of existing panel design <‘oncepts ami TPS- related work was conducted 
at the start ot the program. The objective was to identify promising design tcaiures 
of existing radiative TPSs. including c irreni analytical techniques for predicting 
TPS performance. The reports studi-xi were references 1-1 through 1-11, 2-1, 

:t— 1 , and 4-1 . 

4.1.1 Ski n Panel Concept 

The review reaffirmed that the corrugation-stiffened beaded-skin concept 
offered the most promise for a reliable, minimum-weight metallic heat shield. This 
concept, for example, was selected by the McDonnell Douglas c ompany for their full- 
size TD Ni-JOCr test panel after evaluating various alternate concepts <ref. 1-10). 

The unstiffened txmded-skin concept (ref. l-*;t appears attractive because of its sim- 
plicity and low nv>ss. However, this concept requires a large number of supports to 
limit creep deflections. Additionally, the large bead depth provides a less desirable 
aerodynamic surface, which causes increased heating under crossflow conditions, 
and the unstiffened skin is w^re prone to flutter than a stiffened skin. 

The review also substantiated the danger of ending the skin beads short of the 
panel edge. Tne t o con ’opts which ended the beads in this manner developed cracks 
at the head closeouts after thermal cycling. 

therall, the corrugation-stiffened beaded-skin conc ept offered the most poten- 
tial for a minimum-weight, reliable heat shield. The advantages and performance of 
tlv' beaded-skin approach have been well established in many panel tests. The beads 
absorb lateral expansion, thereby eliminating lateral expansion joints, and serve to 
stiffen the skin for increased flutter and bending Strength. The corrugations provide 
an efficient transfer of surface panel loads to the support ribs. 

4.1.2 Expansion loint 


The review o! expansion joints confirmed that separate edge closure retention 
members like those employed in the I'D Ni-20Gr pane! uef. l-10i or the eolumbium 
panel (ref. 1-4) arc undesirable. They add complexity , produce forward- facing steps, 
and impose unpredictable pressure and restraint lo panel edges. 

l'he shingle concept offers the most promise for meeting joint requirements. 
>l>eoiticnllv : 

• Maximum simplicity - no extra parts required 


nrt strained panel edges 



« i 
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i 

i 
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• No forward-facing steps 

\ • Each panel is individually removable 

i 

Additionally, because the skin beads run out to the panel edge, no lateral ex- 
pansion joints are required. 

* 4.2 TPS CONCEPT 

| The TPS considered In this program is a shingled, radiative system. Heat- 

! rejection rate, therefore, dependes on ti e f rth power of the surface temperature, 

| and becomes large if high temperatures can be tolerated. Thur , the intensity of heat- 

ing which can be accommodated is limited by the temperature capability of the ps; 

’ material. 

j An existing G rumman-developed TPS designed for operation at 125 K (1800°F) 

was selected as a baseline design in the program. The concept, shown in figure 4-1, 
consists of a corrugation-stiffened beaded skin, insulatio.,, and beaded support ribs. 

' The corrugations are welded to the beaded skin to form an efficient panel with high 

longitudinal bending stiffeners. Applied surface-pressure loading is transferred by 
beam action to the rib supports. The supports are located on 51 -cm (20.0-in. > 

| centers, with an expansion joint every 102 cm (40.0 in. ) to permit longitudinal growth 

i of the panel. Although the panel is considered to be 102 cm (40.0 in. ) long, it is 

| fixed at the center support so that a 31-em (20.0-in. ) span expands in each direction. 

, The center support rib includes a drag support to react longitudinal (drag) loads. The 

panel lateral expansion is absorbed by flexing of the beads in the skin. The c rruga- 
, tions have little effective stiffness in the lateral direction. 

The advantage of this concept is that the panels are not size-limited in the 
' I lateral direction, and an expansion joint is required only in the longitudinal direction. 

The design also eliminates forward-facing steps and incorporates a simple splice of 
; adjacent panels, thus facilitating panel removal and inspection. A mass breakdown 

• for the baseline system is also shown in figure 4-1. 

i 4.3 SURFACE PANEL DESIGN 

I Several surface panel configurations were considered, including trapezoidal and 

semicircular corrugation-stiffened skin, double-faced corrugation, integrally stiffened 
plate, and honeycomb sandwich. Double-faced corrugations and honeycomb sandwich 
designs were eliminated due to thermal stresses induced by the temperature gradient 
from outer to inner face sheets. Integrally stiffened plate designs were eliminated be- 
cause this approach is not mass-competitive. Another disadvantage of those designs 
I which have flat skins is the requirement for expansion joints at four edges. The semi- 

l circular corrugation was eliminated because it is not as mass-efficient as the trapezol- 

! dal. (para 4.3.8). Examination of the baseline design indicated that the corrugation 

i sidew r alls were operating at low stress levels. This resulted from the use of one ma- 

J terial thickness for the entire corrugation. 

I To minimize corrugation mass, two approaches were considered: first, the use 

of one thickness as before but with the addition of lighting holes; and second, the use 
of chcm-niilling. A weight estimate showed that holes would not significantly reduce 
mass. Moreover, punching holes in thin-gage material and the subsequent deburring 
f would be very costly. Uhem-milling, however, permitted the maximum elimination 
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| Mass Breakdown j 


Total mass. Nun. 

Lbm/ft 2 

%ef 

Sub dam 

Item % 

Item 

40x41 panel 

(110889) 

item 

%of item 

of TPS 

Expansion rib 

(2.1564) 

(0.1895) 



7.7 

Upper dip 

.4978 

.0437 

23.1 1 

55.9 


Lower dip/angle 

.7085 

.0622 

32.8 1 

(dips) 


Web 

.8389 

.0737 

38.9 



Rivets 

.1132 

.0099 

5.2 



Center rib 

(20841) 

(00532) 



10.3 

Upper dip 

1.3463 

.1182 

46.7 1 

83.6 


Lower dip 

1.0633 

.0034 

36.91 

(dips) 


Web 

.3613 

.0317 

12.5 
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.1132 

.0099 

3.9 



Drag Bracket 
(4 per 41-in. panel) 

0.3888 

0.0341 



1.4 

Skin assembly 

(13.1002) 

(1.1503) 



46.7 

Skin 

5.6622 

.4972 

43.2 

20. total 


Corrugation 

7.4380 

.6531 

56.8 

26. total 


Attaching hardware 

(00836) 

(0.0758) 



3.1 

Skin rivets (blind) 

.2278 

.0200 

26.4 



Primary bolts 

.3360 

.02% 

38.9 



Insulating washers 

.2997 

.0263 

34.7 



Insulation system 

8.6366 

0.7583 



30.8 
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28.0316 
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Figure 4-1. — Grumman baseline TPS concept. 
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of unnecessary material. Moreover, since the skin/corrugations are sized to meet 
the maximum bending moment at the span center, additional weight could be saved by 
profiling the chem-mill at the span edges. Additionally, with the use of chem-milling, 
the thickness of each element of the cross section could be permitted to vary for 
maximum efficiency. It was decided, therefore, to chem-mill the test specimen. 

4.3.1 Skin 7 Corrugation Optimization 

A digital computer program was written to optimize the 51 cm (20 in. ) panel. 

The program accounted for creep due to bending between supports, buckling of the 
various elements of the skin/ corrugation, and flutter of the outer skin. All design 
variables such as pitch, various element thicknesses, and lengths were initially not 
constrained. Thus, designs which were developed within specified constraints could 
be compared with designs developed under other constraints or with designs developed 
under strength constraints only. Attachment hardware such as clips and rivets were 
not included in the computer program. This program, which is presented in Appendix 
A, should not be considered as a true optimization program, since some of the steps 
necessary to determine the panel cross-section with the least mass are graphical and 
require the user to interface with the program. Furthermore, thermal stresses 
which occur due to lateral thermal expansion were not accounted for in the optimiza- 
tion program. Instead, the optimum design was checked against thickness constraints 
determined from analysis of later-- 1 thermal expansion. (See Section 4.3.3.) 

4. 3. 1.1 Design Loads 

The critical airload design conditions selected are listed in table 4-1. 


4.3, 1.2 Safety Factors 


Design allowable stress (F a jj ow ) * s any of the following: 


• V 1 - 4 

• V 1 - 15 

• F /1.15 

ty 


• F /1.15 

creep 

• F „ ./1.4 

crel 


Each denominator is the appropriate factor of safety- and F crg j is the local elastic 
buckling stress. 


Table 4-1. — Critical airload design conditions. 


Condition 

Description 

Differential 

pressure 

Temperature 

kPa 

psf 

Haynes 188 

Rene' 41 

K 

"F 

K 

°F 

A 

Boost 

-20.59 

-430 

294 

70 

294 

70 

B 

Postentry 

16.76 

350 

294 

70 

294 

70 

C 

Max maneuver 

4.78 

100 

1255 

1800 

1144 

1600 

D 

Equil flight 
, 

2.39 

50 

1255 

1800 

1144 

1600 
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4.3.1. 3 Critical Conditions 

A preliminary analysis determined the elements critical for the designated 
conditions. These elements are listed in table 4-2. 

4. 3. 1. 4 Fabrication Constraints 


Section definition and properties are shown in figure 4-2. Two fabrication 
constraints which were imposed on the optimization of the surface panel (skin/ 
corrugation) are: f 

• The minimum face sheet thicknesses, tj and t 9 , must be .0127 cm 
(.003 in.) for handling considerations 

• The minimum flat between beads, P-b, must be at least 1.016 cm (.40 in.) 
to permit attachment of the support clips 




4. 3. 1.5 Optimization Considerations 

! 

It is generally accepted that for a nonredundant structure, such as these panels, j 

the least-mass design is obtained when the applied stress in each element is equal to i 

the allowable stress for as many of the design conditions as possible. For example, 
element 1 of the section definition shown in figure 4-2 should be buckling-eritical 
under condition B, creep-critical under condition D, flutter-critical under the design 
dynamic pressure, and yield-critical under conditions of lateral thermal expansion. 

It is, however, usually not possible to satisfy all conditions. 



ri 

u 
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I 
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l 

l 
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u. 
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Additionally, design constraints, such as minimum-gage considerations, may 
constrain the optimum design even further. Figure 4-3 illustrates such a situation. 

It also shows that if the thickness and flat-width design constraints were neglected, 
the least-mass section occurs when the neutral axis is at the midheight of the section. 
In this case, both the upper and lower fibers would be creep-critical, as well as 
buckling-critical, for the appropriate conditions. Addition of the design constraints, 
however, increases the mass by a significant amount. For example, by modifying 
the neutral-axis location to 55', of the total section height (central curve), the section 
is less efficient from a strength standpoint than the previous design, but when the 
design constraints are considered, the acceptable section is lighter than its com- 
panion in the first case. 


Table 4-2. - Critical conditions. 


Element 

Condition 

A 

B 

C 

D 

Other 

1 


Buckle 


Creep 

(a) 

23 

1 1 1 

Buckle 




4 




Creep 


5 

jfl 



Creep 



a Laterai thermal expansion and bead flutter 
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Section definition 



Section properties 

ZA = 1.02646bti + (p - b) <t 1 + t 2 ) + 2ht 2 + dt 3 
ZAx - 1.02d46bti [h + b (.00649)1 + (p -b) {tj + ^Mh) 

+ 2ht 2 (h/2) 

ZAx 2 = 1.02646bt 1 [h + b(.00649l] 2 + (p - bHt! + t 2 )(h) 2 
+ 2ht 2 (h/2) 2 
-'oo = 2 t 3 h 3 /12 
x = ZAx/ZA 

- ZAx 2 + Il 00 - (SAHx) 2 

C 2 i 7-1 jw Figure 4-2. - Section definition and properties. 


It can, therefore, be concluded that the least -weight, strength-constrained 
section will not necessarily be the least-weight acceptable design. 

The skin /corrugation design equations and optimization procedure are given in 
appendix A. Also given is a listing of the computer program, HAYNES, developed to 
simplify selection of the optimum configuration. The optimized Haynes 188 section as 
determined by the computer program is illustrated in Figure 4-4. The section shown 
and the thickness indicated include no allowance for emittance treatment and oxidation 
losses expected during the life of the system. The production section which includes 
these allowances is given later in Figure 4-10. 


The Rene" 41 section as determined by the computer program is illustrated in 
Figure 4-5. The production Rene 41 section is given later in Figure 4-10. 

4.3.2 ski n Bead Flutter 

Previous experience with similar designs indicated that flutter requirements 
could determine the skin thickness. The minimum required face-sheet thickness to 
prevent local flutter of the skin bead was determined using the analysis procedure 
given in reference 4-2. The procedure is summarized as follows: 


1-0 


■ — 1 — -■ Strength constraint 
— — Design constraint (mm gage Si flat width) 
tvMvXvH Acceptable design 

O Least weight without design constraint 
■ Least weight, acceptable design 


{ j 

Li 



I 


[J 

j 




Pitch, P 

13bS-004w 

Figure 4-3. — Schematic of least mass designs vs pitch for three neutral axis locations. 


where 


4 " L 


[?(m) e] 


1 3 


ll-l> 


max 


9 

3418 kg m~ (700 psf) at M 1.3, 11 = -0i4 m (30 000 ft) 


7080 kg m‘ (1450 psf) (ref. 4-2, figure 2) 


FS 

L 

°B 


1.5 (ref. 4-3, para 4. 5. 1.3) 

48. 5 cm (10. 1 in. ) 

1.284 


-.019 


(4-2) 


2. 924 + 


b^2b' 


Note that equation (4-2) is an empirical fit to 0,, vs L/\Y in ref. 4-2, where \\ b + 2b’. 

b 
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b' = .076 cm (.03 in.) ■ 


■j 1^— .076 cm (.03 in.) 
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Equation (4-1) was solved for both materials to piovide a minimum thickness (or 
lower bound) for tj. The results are presented in figure 4-6 for Ha> nes 188 and figure 
4-7 for Rene 41. The curves were fitted to the empirical equations for use in the com- 
puter program, and are: 

• t- = .0155 (b+. 152) cm (tj = .0061 (b + .06) in.) for Haynes 188 

• tj = .0198 (b+. 152) cm (t^ = .0078 (b ■* .06) in.) for Rene 41 

4.3.3 Lateral Thermal Expansion 

The lateral thermal expansion is constrained by the adjacent panel, which pro- 
hibits lateral growth, and the support ribs, which prevent normal displacements. 
Thermal strains are absorbed by the face sheet beads in bend’ng. The value b 7 10 is 
sufficiently large to avoid thermal buckling of the circular arc (ref. 2-1). 

The edge load, P, end moment, M (per unit length, J) are (from ref. 2-1) 
given by: 

l 1 b/10 



p-b +?rbN 


b 3 y 7r(p-b) + bN(|-8) 1 


7T(p-b) + bN( 7T -8) * 


where 


4 -f <iV 


= .37671 
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Table 4-3. - Thermal and mechanical properties. 
Haynes 188 


Ren£ 41 


Property 

SI 

Customary 

SI 

Customary 

Max temperature 

1255 K 

1800°F 

1144 K 

1600° F 

& temperature 

1217 K 

1 730° F 

1105 K 

1530°F 

a 

17.7 m/m/K 

9.7xlO‘ S in./in./°F 

15.7 m/m/K 

8.5x10^ in./in./°F 


94.4 GPa 13.7x10 s psi 


122 GPa 


17.7x10 s psi 


The maximum fiber stress was limited to yield (0. permanent deformation) 
at peak temperature, resulting in an allowable total strain, e _, and comensurate 
allowable elastic stress F ,, (figure 4-8). (The factor of safety was taken as 
1.0.) Thus: a "°' V - 

F allow. E ‘x 

* 13. 7x 10 6 (.0034) = 331 MPa (46 GOO psi) - Haynes 
- 17.7xl0 6 (.0052) 634 MPa (92 000 psi) - iiene 

It can be shown that the maximum bending moment, M, occurs at the top of the 
bead, so that: 

M ■ P 15 - M 


- 


taking 


and setting 


*b * allow. 


The maximum allowable can be obtained for given values of p and b. 


b [n(p-b) -b(.7043) ]F a , ow 

E “ 4T 


The solution of this equation is plotted as the family of dashed curves in figure 
4 — (» for Haynes 188 material and figure 1-7 for Rene 41. These curves define an 
upper bound for the face-sheet thickness. 
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4.3.1 Selection of Optimum Haynes 188 Section 


The results of the optimization program for the minimum-mass section are 
illustrated in figure 1-9. It can be seen that the optimum design occurred at a pitch 
of 3. 73 cm (1. 47 in. >. For convenience and simplicity, a panel with a pitch of 3. 81 
cm (1.50 in. ) was selected for the final design. Dimensions of the selected section, 
which define the midspan cross section, are also shown in figure 1-9. This section 
produced a surface panel with a mass of 4.27 kg m- (0.875 Ibm ft2). This section, 
however, was modified to accommodate surface emittance treatment and material 
oxidation losses during the 100-mission life. Additionally, the corrugation lower 
cap pad was sculptured to minimize mass and provide uniformity of stress. The 
modified section, which was the section that was fabricated, is shown in Figure 
4-10(a). The mass of this section, including doublers, attachment rivets, and mass 
reduction resulting from sculpturing, is 4.536 kg m- (.929 lbm ft^). This new de- 
sign indicated a 22 r , reduction in mass from the baseline panel. (See figure 4-1. ) 

4 . 3. 5 Selection of Optimum Rene 41 Section 


The principal differences between Rene 41 and Haynes 188 is that Rene 41 has 
superior mechanical properties at room temperature and suffers less degradation in 
mechanical properties at elevated temperature bee use its service temperature is 
lower - 1144 K (1600° FI vs 1255 K (1800°F). Although the moduli of elasticity a; <• 
similar, the creep strength of Rene 41 at service temperature is typically, 69 MPa 
(10 000 psi) vs 27.0 MPa (4000 psi) for Haynes 188. The increased creep strength 
produced two effects on the optimum Rene 41 section relative to the Haynes section, 
the overall section height (and associated dimensions) decreased, and the width-to- 
thiekness ratio for the various elements decreased. The latter effect resulted from 
satisfying buckling criteria for conditions A, B, or C, while also satisfying creep 
criteria for condition D. As an illustration of this effect, consider element 5. For 
a given moment of inertia and neutral axis location, condition A yields 



and condition D yields 


f 

where 


Me _ / x \ 1 creep 

~ - M d(T~) Xl5 

' na ' 

M ^ ~ moment from applied pressure, condition A 

moment from applied pressure, condition D 

1. 1 and 1.15 - factors of safety 

K buckling coefficient 
rr 


(4-3) 


(4-4) 
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Figure 4-9. — Haynes 188 skin/corrugation optimization. 
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Figure 4-10. - Production TPS sections. 





Solving each equation for x/l and equating the results yields 

5 


The only significant variable is F cree p, which is about 2.5 times greater for Rene 41 
than for Haynes 188, so that for a given value of x'L (t 3 d) for Rene is about 1. (i 
times greater than for an equivalent Haynes panel. In addition, equation (4-4) shows 
that if the creep allowable is increased by a factor of 2.5, the value of x I n a can in- 
crease by the same amount. All of these effects tend to reduce the overall dimen- 
sions of the Rene 41 cross section relative to the Haynes. 

The Rene optimization results are presented in figure 4-11. Several values 
were assumed for beta. (Beta is the ratio of neutral-axis location to overall section 
height. ) Design constraints limiting the face-sheet thickness to . 013 cm (0. 005 in. ), 
minimum, and the flat between beads to at least 1.02 cm (0.4 in. ) are also shown. 

It can be seen that the optimum Rene panel has a pitch of 1. 98 cm (0. 78 in. ) and an 
average weight of 3. 58 kg / m 2 (0. 734 lbm ft 2 ). Details of this section are presented 
in figure 4-12(a). The computer-designed section possesses acute angles at the bend 
lines, making tie section difficult to fabricate. As a result, the section was modified 
to that shown in figure 4 -12(b). Both sections are the same except that the width and 
thickness of the bottom element were altered as shown. As a result, while the area of 
the elements and moment of inertia of the sections are identical, the buckling stress of 
the bottom element is now higher and, therefore, has a positive margin of safety. The 
computer program sized the dimensions of the element based on buckling with zero 
margin of safety. 

4.3.6 Compromise Haynes / Rene Optimum Section 



One objective of the program was to address the problem of "interface" between 
metallic TPS optimized and fabricated from different metals. It was decided, there- 
fore, that a compromise section geometry would be selected for the skin panel so that 
the Haynes and Rene systems could be used as adjacent panels. Moreover, the use of 
one skin geometry could significantly lower fabrication and tooling costs for a flight 
vehicle. 

Since only the skin of each system interfaces at the expansion joint, the cor- 
rugation of each configuration can still be optimized independently. It can be seen 
from figure 4-9 that the pitch of the Haynes section cannot be smaller than 2. 95 cm 
(1. 16 in. ). This is somewhat above the optimum Rene 41 pitch of 1. 98 cm (. 78 in. ) 
From a cost and mass standpoint, it is desirable to increase section pitch to reduce 
the number of clips and attaching rivets on the rib support, l'o identify a compromise 
pitch, a simplified study was conducted; it included the effects of pitch on panel mass, 
and accounted for upper and lower clip mass for both the center and end support ribs. 
Items not included in the study because their mass remains relatively constant with 
respect to pitch include support rib webs, drag brackets, miscellaneous fasteners, 
and insulation. 

The results of the study are shown in figure 4-13. It can be seen that the 
Haynes 188 total mass (panel plus clips) is minimized at a pitch of 3. 91 cm (1. 54 in. ). 
The minimum-mass Rene 41 panel occurs at a pitch of 2. 39 cm (0. 94 in. ). The middle 
curve shows a mass-pitch curve for a 50 1 ',’ Haynes 188 50'T Rene 41 pane! mix. The 
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Figure 4-11. - Rene 41 skin/corrugation optimization. 
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(a) Optimized section program output 


t- 29 * Mass: 3.58 kg/m 2 

( 734 Ibm/ft 2 ) 

(b) Optimized section (modified for fabrication) 


Dimensions: cm (in.) 



i 

1.1 

i a 


.019 (.0073) 
.018 ( 0071) 


.031 (.0122) 

Mass: 3.87 kg/m 2 
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(c) Optimized section matched to 3.81 cm (1.5 in.) pitch 
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Figure 4-12. - Rene' 41 section dimensions. 
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minimum composite mass occurs at a pitch of 3.58 cm (1.41 in. ). The dashed line 
connects the three calculated points and is an estimated relationship between optimum 
pitch and surface panel mass. Based on these curves, the greater density of Haynes 
188, and the desire to space an even number of corrugations across a 61-cm (24-ln. ) 
span, it was decided to use a common pitch of 3. 81 cm (1.50 in. ) for Haynes lbo and 
bene 41. 

„ The mass penalty to the Haynes 188 design is less than .005 kg/m“ (.001 Ibml 
ft ), or, about 0.19.’. The mass penalty to the Rene 41 design is 0.160 kg/ m2 (0.03 
lbm/ft^), or, about 4. 0/ . The Rene 41 section was reanalyzed to determine the opti- 
mum section with a pitch of 3.81 cm (1.50 in. ) and a bead width of 1.99 cm (.782 in. ). 
The analysis indicated the optimum beta to be . 61, which was used to determine a 
section with these two constraints. (See appendix A, figure A-2). The resulting Rene 
41 section is shown in figure 4-12(c). The production section is shown in figure 
4— 10(b). This section includes thickness increases for oxidation and emittance allow- 
ance and slight geometry changes to accommodate lower-cap sculpturing. 

4.3.7 Corrugation Sculpturing 


To minimize corrugation mass, the lower horizontal flat of the corrugation was 
sculptured to match the bending moment. Since the corrugation already included 
chem-milling, the addition of a profiled chem-mill line did not significantly increase 
fabrication costs. The profile was selected such that the area and buckling allowable 
stress remained the same. (The analysis by which the profile was selected is given 
in appendix B. The profile geometry is given in appendix B, table B-l. ) 

The values for d' (appendix B) are minimums required, and these values 
generate a curved profile. The mass which could have been saved by sculpturing 
the curved profile was .168 kg m2 (.0344 Ibrn-Tt-) for the Haynes 188 panel and .092 
kg m^ (.0188 lbm / ft^) for the Rene 41. However, a straight-line profile was used to 
facilitate fabrication and thereby lower the costs of chem-milling. The actual masses 
saved using a straight profile are .145 kg/m2 (.0299 Ibm ft^) for the Haynes 188 and 
.080 kg m2 (.0163 Ibm/ft^) for the Rene 41 panel. 

4.3.8 Circular Corrugation Study 


A circular corrugation-stiffened panel was examined as part of the panel op- 
timization effort. The circular corrugations were considered because they possess 
many of the beneficial characteristics of a trapezoidal corrugation, particularly 
flexibility transverse to the corrugations, which relieves transverse in-plane thermal 
stresses. The circular corrugations also offer a high resistance to local buckling. 
The results of the study, in which a constant-thickness corrugation was assumed, are 
shown in figure 4-14. The minimum-mass design at 5.57 kg m2 (1.14 lbm ft^) is 
1.29 kg'm* (.265 lbm / ft2) more than the chem-milled trapezoidal corrugation. 


By chem-milling portions of the circular corrugation, some reduction in weight 
could probably have been achieved. However, chem-milling would have degraded the 
buckling resistance of the unchem-milled portions of the arc. 

A constant-thickness trapezoidal corrugation was also investigated in an effort 
to provide a direct comparison between the circular and trapezoidal corrugations. 
Figure 4-15 illustrates that the minimum weight of this design is 4. 91 kg m2 (1.005 
lbm/ft2), or about 12^ lighter than the circular corrugation. 


1-21 


I 

i 

I 


1 . 






b 4 06 cm (1 6 in ) 



( 10 ) ( 12 ) ( 14 ) ( 1 . 6 ) ( 18 ) (2 0 ) 


Pitch, p, cm (in ) 


1 01 JW 

Figure 4-15. - Constant-thickness trapezoidal corrugation- panel optimization. 

The trapezoidal section is lighter because the design loads are exclusively bend- 
ing Whether the sections are chem-milled or not, the trapezoidal section provides 
more bending material about the neutral axis than the circular section. The circular 
corrugation, therefore, was eliminated from further study. 

■l.:5.9 J’lutter Check for T PST F lest Environment 

Analysis has shown that the current Haynes 188 1 .at shield panel design is 
flutter-free for the required shuttle orbiter design flight environment. The following 
analysis was performed to determine if the TP81T testing environment is likely to 
impose a more severe flutter requirement on the panel. 

I'igu.e 1-1 li shows the operating envelope of the NASA Langley Thermal Protec- 
tion System Test Facility (TlNTl"); the dashed line indicates a typical space shuttle 
entry trajectory (ref. -1-1). Maximum dynamic pressure, q, for the portion of the 
trajectory within the operating envelope occur, at the left boundary, where the follow- 
ing conditions exist: 
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Figure 4-16. - TPSTF operating tnvelr 
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H_ 2.3 M ! kg (1000 Btu lbm) 

- 9. 5 atm 

and, from reference 4-3, for the TPSTF area ratio A V 23; 
> = 4. 06 


n lj 


Thus, 


q P 0. 033 


q (q P T > P T 33.7 kPa (704 pst) 


f 1 , . 

, S LJ 


o \ 

0 (1)1“ -1)- 3.93 


q 0 ~ 8. 6 kPa Cl 79 psf) 


! i ill 


The outer skin over the width of one corrugation was treated as a simply supported 
flat panel. The thickness required to prevent flutter was calculated using rclcrcnce 
4-6: 


[D . 77 

a_ j 12 _ £ 
b \l D, " b 


20 (geometry parameter) 


: I ii_ 


0. 0593 


<5 OP 2 ) /T2GP 


~ 3.163 x 10 (flutter parameter) 


Dj f(M) 


D- = ^ — and f(M) - 0 

12(1-a.“) 


12(1— t**) (FP) a 3 q 


where 


a 30. 8 cm (20. 0 in. ) 


m .29 

For conservatism, the modulus for the Haynes 188 panel was selected at 1250 K 
(2260°H), which is the maximum temperature .he panel would experience at the right 
boundary in figure 4-16: E = 93.7 GPa (13.6 x 10 ( ’ psi). Thus, for the Haynes 1>8 
panel, t 0.01 cm (.00347 in.). 
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This thickness is <>0', of the .010-cni (.0058-in.) design thickness. Conversely, 
the value of q/beta required in the TPSTF to cause the panel to flutter was calculated 
to be 40. 1 kPa (838 psf). Therefore, the panel should be flutter-free when tested at 
the selected conditions in the TPSTF. 

The Hone 11 panel is exposed to a lower q beta in the TPSTF, anti the modulus 
at temperature is greater than that for Haynes 188. Therefore, the Keiic 11 panel, 
which has the same aspect ratio and greater thickness, should be less susceptible to 
flutter in the TPSTF than the Haynes panel. 

4.3.10 Surface Panel Thermal-Structural Analysis 


An analysis was performed on the Haynes 188 panel to determine if the combina- 
tion of thermally induced stresses and stresses due to aerodynamic loadings would 
exceed allowable stresses in the surface panel. Six load conditions were identified 
and examined. Five of the conditions, designated design conditions A through K, were 
obtained from the shuttle orbiter boost and entry trajectories. The sixth condition 
represented a predicted test environment in the Tl’STF. 

4 . 3. 10. 1 Mission Trajectories 

A typical shuttle orbiter mission is divided into four phases: boost, orbit, 
entry, and postentry. Significant heating effects which could cause temperature 
gradients and resultant thermal stresses can occur only during boost, entry, and 
postentry, when the panel surface experiences aerodynamic hi at inputs. During orbit, 
only solar heat inputs, which are not significant, are experienced. The only impact 
of the on-orbit » ondition is to determine the initial temperature at the start of entry. 
Similarly, the panel experiences significant aerodynamic loadings only during boost, 
entry, and postentry (Figures 2—1 and 2-1 show the boost and entry trajectories 
used for panel design. ) 

4.3.10.2 Heat Inputs 

Figures 4-17 and 4-18 show the aerodynamic heat inputs to the panel surface 
during boost and entry, respectively, resulting from these trajectories. The heating 
is defined on the basis of an effective boundary-layer temperature (recovery temper- 
ature) and a convective heat-transfer coefficient. The convection coefficient was ob- 
tained using a modified Van Driest method for turbulent flow over a flat plate. The 
heat flux is calculated as 

q M c (l Bl. -I \\ J 


where 

q heat flux 

H t . convection coefficient 

Tj^ effective boundary-layer temperature 

T panel surface temperature 
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4.3. 10. 3 Temperature Analysis 

A thermal model of the structure was made to determine temperature distribu- 
tions in the surfaee-panel structure. This model consisted of four elements, as shown 
in the insert of figure 4-19. Conduction, convection, and radiation between the ele- 
ments was considered. The in-house transient temperature analysis program using 
finite-difference techniques was employed to evaluate the differential equations which 
represent the thermal model. The output of the computer program is shown in the 
transient temperature response of the surface-panel elements to the boost and entry 
heating inputs in figures 4-19 and 4-20 for the Haynes 188 design shown in figure 
4-10. A panel surface emissivity of 0.8 was assumed in these analyses. The entry 
maneuver was assumed to start with an initial temperature of 200 K (-100° F), which 
is the temperature resulting from an on-orbit cold-soak. Shuttle orbiter studies 
have identified this as the initial condition that produces the most severe thermal 
stresses during entry. Figures 4-19 and 4-20 contain all the temperature gradients 
of significance to the Haynes 188 panel daring an orbiter mission. 
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1.3. 10. 4 TPSTF Test Conditions 

The test article was also checked for the heating and pressure environment of 
the TPSTF. The l'l’STF heating inputs assumed a three-step simulation of the initial 
portion of the entry trajectory. It was assumed that the minimum heating at startup 
of the TPSTF is the lower-left corner of the operating envelope for the Tl’STF, 
which is shown in figure 4-10. This condition gives a heating rate consistent with a 
radiation equilibrium temperature of 711 K <820° F) and a surface emissivity of 0.8, 
and results in an initial heating rate of 11 349 W m- (1. 0 Btu/soc ft-). The three- 





step heat input variation assumed for the TPSTF test condition is shown in figure 4-21. 
The temperature response of the surface panel to the TPSTF heating was computed 
using the heating input and the same four-element thermal model employed previously. 
The results for the Haynes 188 panel are shown in figure 4-22. 

4.3.10.5 Selection of Critical Coi ‘ions 

The next step in the analysis was to determine at which times during the trajec- 
tories the maximum thermal stresses occur. Only thermal stresses resulting from 
gradients within the surface panel were considered. The thermal stress analysis 
performed used simple bending theory and assumed that the panel was free to expand 
in the direction parallel to the corrugations. The panel was also free to bow up be- 
tween end supports without incurring any significant bending moments at the end sup- 
ports. Thermal stresses, therefore, are produced only when the temperature gradi- 
ent through the depth of the panel cross section is nonlinear. The thermal stresses 
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Figure 4-20. — Panel temperature response, entry heating, cold start. 







produced will be ia a direction paraiiei to ihe corrugations. Therefore, they are 
coincident with the bending stresses produced by surface pressure on the panel. It 
can be seen by examining figures 4-19 and 4-20 that significant gradients exist only 
during the following time intervals: 

• Boost phase (condition A): 90 through 160 sec 

• Entry phase (condition E): 60 through 170 sec 

• Postentry phase (condition B): 1700 through 2100 sec 

During the other times, the temperature gradients within the surface panel are 
considerably smaller and are, therefore, not of interest. 

4.3. 10. 6 Determination of Element Stresses 

The thermal-stress model consisted of a simple finite-element representation 
of the panel cross section, as shown in the insert in table 4-4. The appropriate co- 
efficient of expansion. Young’s modulus, areas, and temperatures were determined 
for each element, and were inputted to a transient -temperature structural analysis 
computer program which determined the stress level in each element. This analysis 
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Figure 4-21. — TPSTF heatup simulation. 
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Table 4-4. - Thermal stress summary, cold start on entry. 
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was performed for the times during the boost and entry trajectc es that were previ- 
ously identified as having significant temperature gradients. The results of this 
analysis are shown in figure 4-23 for 90 through 1(50 sec for boost, figure 4-21 for 
60 through 170 sec for entry, and figure 4-25 for 1800 through 2100 sec for postentry. 
Figures 4-23, 4-24, and 4-25 show the stress in each element of the cross-section 
vs time. 

Examination of these figure- indicates a fluctuation of stress as the transient 
temperature gradients change wit-* me. From each figure, times which produced 
the largest thermal stress and which would combine with the stresses due to aero- 
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Figure 4-23. Boost, condition A. 
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dynamic pressme loadings (conditions A through E) were selected. These times 
are listed in table 1-4. As can be seen, conditions C and D do not have thermal 
stresses because they are maximum-temperature conditions. At maximum tempera- 
ture, the thermal gradients in the panel are very small because almost constant heat- 
ing conditions exist, and the strong radiant heat interchange between the panel ele- 
ments reduces temperature differences to small values. 

The maximum gradient during the TPSTF heating occurred at 10 sec after the 
start of heating. This condition produced the largest thermal stress in the panel for 
the test condition. The thermal stresses are shown in table 4- i. 

4.3.10.7 Combination of Aero & Thermal Stresses 

The stresses due to aerodynamic loadings were determined for the main bend- 
ing elements of the surface panel, that is, the skin bead and the lower flange. Exami- 
nation of table 4—1 shows that significant thermal stresses occurred only during con- 
ditions A, B. E, and TPSTF. Conditions C and D were not considerei because the 
thermal stresses are essentially zero. The loads for condition A, B, .i, and TPSTF 
are tabulated in table i-3 for the time periods during which thermal stresses are 
significant. 

-*.3. 10. 8 Check of Skin Bead Stresses 

The critical loading condition for the skin bead is compression. The method 
of analysis is snown in the following example for condition B. Only the Haynes 1&8 
panel was checked. It was telt that checking the Rene 41 panel was not necessary 
since the Rene il panel section has lower b t's, greater modulus, and greatei creep 
allowables. 







-1.3.10.8.1 Check of Skin Bead, Condition B 
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Figure 4-25. - Postentry, condition B. 
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The bending moment at midspan is: 

M - 16. 6 N*m (147.3 in. -lb) at 1850 sec 
- 18. 1 N- m (160. 6 in. -lb) at 1900 sec- 

18. 8 N-m (160. 3 in. -lb) at 2000 sec (see Appendix A, page A-l) 
and the bending stress is: 

Mx 


f, = = 421 MPa (01 120 psi) at 1850 sec 

D i NA 

459 MPa (66 620 psi) at 1900 sec 
- 476 MPa (6o 990 psi) at 2000 see 

The stresses due to aerodynamic and thermal loads are each plotted in figure 
4 -26(b) for 1850, 1900, and 2000 sec. The total of these stresses are also plotted. 
Using 2-1/2-deg increments for 0 (except the last increment, which is 2.6 deg), the 
average total stress at 2000 sec for the skin is: 
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f at 2000 sec - 152.3 MPa (22 100 psi) 


- 3 ] 


Similarly, 


f at 1900 sec ~ 137.2 MPa (19 900 psi) 
f at 1850 sec “ 133 MPa (19 300 psi) 
4.3.10.8.2 Check of Buckling, Condition B 
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(Appendix A, page A-l) 
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t - . 013 cm (. 0051 in) 
b “ 1. 98 cm (. 782 in. ) 
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E - 1.05 

235.8 G Pa 

at 2000 sec 

, T 

= 255 K (0°F) 
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. T 

•=- 333 K (140°F) 


- .88 

235.8 GPa 
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. T 

=" 422 K (3cii°F) 


herefore, 






at 2000 sec, 

^allow. 

181.2 MPa, 

IS 

181.2 

152.3 

.18 

at 1900 sec, 

^allow. 

165.7 MPa, 

MS 

165.7 
137.2 _1 

.20 

at 1850 sec. 
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151.9 MPa, 

MS 

151.9 

133.0 
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1.3.10.8.3 Check of Skin Bead, Condition A - Figure 4-26(a) shows similar results 
for the loadings of condition A, obtained by the same method of analysis used for 
condition B. '.'ombined stresses are examined between 90 and 120 sec for this case, 
since it can be seen by examining figures 2-4, 4-19, and 4-23 that pi ior to sec 
the thermal stresses in the skin bead are small, and that aCer 120 see (when the 
maximum compressive thermal stress exists in the skin bead), the thermal stresses, 
aerodynamic pressures, and temperatures are decreasing. The average tota’ 
stresses, allowables, and margins for condition A are given in table 4-0. 


Table 4-5. — Aerodynamic pressures at appropriate times compared with design values. 
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Time, 
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Design pressure 
for condition 

Pressure at time 3 
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3. -.4 Check of TPSTF Condition 
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1.3. 10.9 Check of Lower Flange Stresses 

Thi 1 m er flange is also critical in compression, when combined thermal and 
aerodynamic loadings are considered. Compressive stresses in the lower flange 
occur w’hen reversed (negative) aerodynamic pressures arc applied, which can only 
occur during conditions A and B. Condition B has negligible thermal compressive 
stresses in the 1 .wr flange; therefore, only condition A was examined for combined 
lojding^. 

1.3. 10.9. 1 Check of Stresses, Condition A 
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Table 4-6. - Total stresses, allowables, and margins for condition A. 


Time, 

sec 

Temperature 

A«9 stress in bead 

Allowable stress 

MS 
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°F 

MPa 
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MPa 
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90 
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19 000 
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24 

100 

436 

325 

-114 
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M - -2.1? N-m (-19 in. -lb) at 100 sec (see Appendix A, page A-l) 

M r -1.3-1 N-m (-11.9 in. -lb) at 110 sec 
\iy -2.15 (9.03) 

f - 1 - -19.41 MPa (2815 psi) at 100 sec 

b I... .100 


~ -12.10 MPa (1755 psi) at 110 see 
Adding maximum thermal compressive stresses: 

at 100 sec - -33.78 MPa at 297 K (-4900 psi at 75°F) (table 4 4) 


at 110 sec - -40.67 MPa at 308 K (-5900 psi at 95° F) 

f total " 33.78 19.41 - 53.19 MPa (7715 psi) at 100 see 

- 40.6? - 12. 1C - 52.77 MPa (7655 psi) at 110 sec 
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4.3.10.9.2 Check pf Stresses - Condition F - For condition E, the maximum com- 
pressive thermal stress in the lower flange was 35. 1 MPa (5100 psi) at near- room 
temperature with no aerodynamic load, which gave an ample margin. Temperatures 
which would have reduced the allowable stress significantly in the lower flange were 
not reached until after 150 sec in condition E. By this time, the thermal stress in the 
lower flange had become tension. 
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4.3.10.9.3 Check of Stresses. TPSTF Condition - No reverse pressure condition was 
specified for the TPSTF. The thermal stress in the lower flange is well within the 
allowable since the temperature was low at the time of maximum stress, which 
occurred at 10 sec. 

4.4 EXPANSION JOINT SPLICE JOINT DESIGNS 
4.4.1 Panel Expansion Joint 


Because the surface panel expands during heating, an expansion joint is re- 
q> ired at the panel edge to permit relative motion of adjacent panels without allowing 
leakage of boundary layer air. Leakage of high-enthalpy air is undesirable for two 
reasons: it reduces the effectiveness of the insulation system in protecting the pri- 
mary structure, and it can cause severe local overheating where the leakage occurs. 
Each 50. 8-cm (20. 0-in. ) section of the Haynes 188 panel expands about . 84 cm (. 33 
in. ) at 1235 K (1800°F). The Rene panel expands about . 71 cm (. 28 in. ) at 1144 K 
1 UOO 0 Ft. This amount of motion must be accommodated in the presence of some 
amount of overall panel bowing due to temperature gradients during heating transients. 

After reviewing various concepts (subsection 4.2) the overlapping-shingle con- 
cent was selected for the expansion joint, using a l.(>0-em (.03-in. ) overlap. Be 
cause adjacent skins are mounted at the same height, a one-skin-thickness inter- 
ference was developed at the faying surface to minimize leakage. Additional thermal 
protection was provided by packing the expansion cavity with microquartz insulation. 
(The expansion joint is shown in appendix E, drawing AD1001-100. ) The design offers: 
maximum simplicity (few parts), unrestrained panel edges, and no forward-facing 
steps. Finally, each panel is individually removable. 

4.4.2 Panel Center Joint 


Both 51 -cm (20-in, ) panels meet at the center support rib. A simple lap joint 
was used because no expansion occurs at this point. The forward panel overlaps the 
aft panel by .05 cm (.25 in. ), producing an aft-facing step. Attachment rivets clamp 
each panel firmly down, providing a simple and effective seal. 

1.1.3 Panel Edge Splice Joint 

Since all lateral expansion is absorbed by the skin beads and corrugation, panel 
width is limited only by fabrication and assembly considerations. The splice joint 
consists of a simple lap of adjacent panels at the flat between beads. A longitudinal 
row of rivets is employed to connect adjacent panels. 

4.5 SUPPORT RIB DESIGN 

The support rib must transfer aerodynamic pressure and panel inertial loads 
to t' vehicle primary structure, while causing a minimum heat short. Two types 
of supports are used: a flexible one at the expansion joint, and a fixed type where 
two adjacent panels butt, which is called a center support rib. (See figure 4-1). 

Several of the support rib concepts shown in figures 4-27 through 4-31 were 
considered. To simply mass comparisons between these designs, the following para- 
meters were fixed: standoff height, 9. 22 cm (3. f>3 in. ); web thickness, 0. 25 cm 
(.010 in. ); and upper and lower clip thickness, .111 cm (.044 in. ). 
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Figure 4-28. - Modified baseline rib concept. 
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Figure 4 30 - Trussed web rib concept 
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The baseline support rib design is shown in figure 4-27. The design is heavy 
with a mass of .877 kg/m2 (.1796 lbm/ft2). Additionally , undesirable heat shorts 
to the primary structure result from the large number of fasteners required. A 
modified concept, with half the number of fasteners to the primary structure, is shown 
in figure 4-28. The design employs lightening holes, and shows a mass reduction of 
.093 kg/m 2 (.019 ibm /ft 2 ). Figure 4-29 illustrates a truss concept, which was not 
pursued because the mass was not promising. Figure 4-30 illustrates a trussed- rib 
concept with a relatively low mass. Forming of the tight radii, however, would be 
difficult without cracking the flai^es. Additionally, the thin sections are prone to 
buckle during flexing. 

These potential difficulties led to the selection of the concept shown in figure 
4-31. The configuration is something between a full web and a truss. The lower 
arches have adequate radii so that flange cracking is eliminated. The beads serve 
to eliminate thermal stresses and provide vertical stiffness. Heat shorting is reduced 
from that of the baseline desing since lower attachments occur at a 7. 62 -cm (3.0-in . ) 
pitch instead of 3.81 cm (1. 50 in. ). To further minimize heat shorting, .32-cm 
(.125-in.) thick insulating washers, fabricated from a glass-reinforced silicone 
laminate, insulate the lower clip from the aluminum primary structure. 

With a mass of .657 kg/m 2 (.135 lbm / ft 2 (, this design provides a 25% weight 
reduction from the baseline design. Detail analyses of the Haynes 188 and Rene 
41 support ribs are given in appendices C and D, respectively. Production drawings 
are given in appendices E and F. 
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Figure 4-31. — Modified web concept. 
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4.6 DRAG SUPPORT DESIGN 

Because the support-rib standoffs cannot react loads parallel to die skin 
corrugations (in the longitudinal or drag direction), a drag support is employed at 
30.48-cm (12-in. ) intervals along the center support to react these loads. The drag 
support consists of two bent-up channels riveted to each side of the center support rib 
which stabilizes the channels. The channels pick up the surface-panel screws in 
their normal location. The drag load is transferred to the primary structure by four 
screws at the bottom of the channels. Insulating washers are used under the lower 
clip to minimize heat shorting. (The detail analyses of the supports is given in 
appendices C and D. Detail dimensions are given in appendices E and F. ) 

4.7 THERMAL INSULATION SYSTEM DESIGN & ANALYSIS 

The insulation system provides the main barrier to radiative teat transfer from 
the hot surface panel to the vehicle primary structure. The primary objective of the 
insulation design program was to develop the lowest-mass system which would with- 
stand the thermal, cold-soak, and vibration environments associated with the design 
entry trajectory. 

Only commercially available nonexotic materials were considered. The insula- 
tion for the baseline system used for comparison in this study is a homogeneous 
blanket of 56-kg/m 3 (3.5-lbm/ft 3 ) Microquartz enclosed in a bag of resistance-welded 
Inconel foil. The purpose of the bag was to protect the blanket from excessive 
moisture absorption and damage during handling. However, since the foil bags must 
be vented, their use seems questionable. The bags are costly to fabricate and add 
1.56 kg/m 3 (0. 32 lbm/ft3) to the total TPS mass. For these reasons, and those out- 
lined in subsection 2. 5, protective foil bags were not included in the insulation system 
design. Further modifications to the baseline system which were considered are: 

e The use of lower-density high-temperature insulation: 17. 6-kg/m 3 
(1.1-lbm/ft 3 ) 

e A composite of low-density insulation (TG 15000) and Microquartz 

e The use of metal foil radiation barriers in fibrous insulation 
4.7.1 Insulation System Comparisons 

The initial comparison of the efficiencies of the insulation candidates was made by 
comparing the density-condutivity ( p k) product. For the transient heating of in 
insulated structure, it can be shown that the insulation weight required for a given heat 
input is proportional to the square root of the product of P k ior the insulation. 

The materials chosen as candidates for comparison with 56-kg/m 3 (3. 51 bm/ft 3 ) 
Microquartz, manufactured by the Johns Manville Corp. , are: 

• Astroquartz - 17.6 kg/m 3 (1.1 lbm/ft 3 ) density, a high-purity silica 
fibrous felt, fiber diameter = 7 microns, maximum temperature of 1644 k 
(2500°F), manufactured by J. P. Stevens and Co. , New York, N. Y. , thermal 
properties obtained from reference 4-7 
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• TG 15000 16 kg/m 3 (1.0 lbm/ft 3 ) density, a silicone-resin-bonded fibrous 
felt, fiber diameter = 1.0 micron, maximum temperature of 644 K (700°F), 
manufactured by HITCO-Defense Products Division, Gardena, Cal. , thermal 
properties obtained from reference 4-8. This material was chosen to be 
used in conjunction wHh a high-temperature insulation in a composite 

• Radiation barriers - The use of thin metal foils inserted in 56-kg/m 3 (3. 5- 
lbm/ft3) Ilicroquartz and 17.6-kg 7 m 3 (1.1-ibm/ft 3 ) Astroquartz was in- 
vestigated. Aluminum, nickel, and platinum foils . 0006 cm (. 00025 in. ) 
thick were considered. This gage was the thinnest commercially available 
and could be readily handled. The foil density was two foils per cm (five 
per inch), and the emissivity of the foils varied from . 05 to .80. The 
methods used to analyze the performance of the foils are presented in appen- 
dix G 

Figure 4-32 shows the Pk product of the candidate insulations without radiation 
foils at 1. 0 atmosphere. From this comparison it can be seen that Microquartz is the 
most efficient at temperatures above 644 k (700° F). At temperatures below 644 K 
(700°F) TG 15000 is most efficient. This suggests that a composite composed of TG 
15000 on the cool side and Microquartz on the hot side would result in a weight reduc- 
tion when compared to a homogenous Microquartz or Astroquartz package. 

Figure 4-33 shows the f* k product for Microquartz and Astroquartz with metal 
foils inserted as radiati* 'carriers. The results reveal two significant facts: the 
emissivity of the foils muit be kept low ( % . 05) to effect a significant reduction in 
P k, and the foils are advantageous, in insulations of this density, only above 644 k 
(700° F). 

The oxidizing environment to which the T PS insulation would be expos' d results 
in the nickel foils having an emissivity of 0. 5 or higher (ref 4-9). Examination of 
figures 4-32 and 4-33 indicates that emissivities of 0. 5 or higher result in no reduction 
in pk; therefore, the use of nickel foils is not advantageous. Aluminum foil o can be 
eliminated since it has a maximum temperature capability of only 700 K (768 F). 
Platinum foils appear effective; however this material is considered too exotic and 
expensive. The conclusion drawn from this investigation is that for the applications 
considered herein, the use of metal-foil radiation barriers is not a cost-effective 
way to improve insulation performance. 

Design heating trajectory 14040 (subsection 2. 2) was used to estimate the 
amount of insulation required for the Haynes 188 panel with an equilibrium temper- 
ature of 1255 K (1800° F). The heat input and pressure vs time for this trajectory 
are presented in table 4-7. The thermal criteria requirements specified a 322 K 
(120°F) initial temperature at the start of entry and a 450 K (350°F) maximum tem- 
perature on a structural mass equivalent to a 0. 5-cm (0. 2-in. ) thick aluminum plate 
with an adiabatic backface. The heating rates shown in table 4-7 were used as the 
boundary conditions of a thermal model which included the metallic surface panel, 
the insulation layer, and the structural heat-sink mass. These heating rates produce 
a maximum surface temperature of 1255 K (1800°F) for the Haynes 188 panel. 

The properties of the insulation materials used are shown in figures 4-34, 
i -35, and 4-36 for Microquartz, Astroquartz, and TG 15000, respectively. The data 
were obtained from references 4-7, 4-8, and 4-10. 
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Effect of radiation foils on density conductivity product vs temperature at 1.0 atmosphere. 
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Table 4-7. — Haynes 188 and Rene 41 TPS design trajectory heating and pressure history. 


Tine, 

,ec 

Pressure 

Haynes heating rate 

Rene heating rate 

Pa 

Torr 

W/m 2 

Btu/sec ft 2 

W/m 2 

Btu/sec ft 2 

0 

0.002 

1.5x1 O' 5 

0 

0 

0 

0 

200 

.024 

1.8x10 4 

11 349 

1.0 

7944 

.7 

400 

667 

5 

62 419 

5.5 

45 396 

4.0 

600 

933 

7 

113 489 

10.0 

78 308 

6.9 

800 

1466 

11 

111 219 

9.8 

76 038 

6.7 

1000 

2533 

19 

106 679 

9.4 

73 698 

6.5 

1200 

3333 

25 

74 902 

6.6 

52 205 

4.6 

1400 

3466 

26 

29 507 

2.6 

20 428 

1.8 

1500 

3600 

27 

57 879 

5.1 

40 856 

3.6 

1600 

3866 

29 

27 237 

2.4 

21 563 

1.9 

1800 

4266 

32 

3404 

.3 

2269 

.2 

2000 

8666 

65 

0 

0 

0 


2200 

101 324 

760 

0 

0 

0 

j B 
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To simplify comparison, the amount of insulation required for the candidate in- 
sulation systems was initially determined without including the effect of the heat leak 
through the panel support attachments. The results for the baseline Microquartz 
system and three other candidate insulation systems are shown in table 4-8, items 1 
through 4. 

4. 7. 2 Insulation System Selection 


Comparison of items 1 through 4 in table 4-8 shows that the composite system 
of Microquartz and TG 15000 (item 4) is the lightest. The mass of the system is 
. 29 kg/m 2 (. 06 lbm ft 2 ) less than the baseline system (item 1), and represents a 10$ 
mass reduction. This system, therefore, was selected for use on the test specimens. 
This system and the baseline system were reanalyzed to correct for the heat-shorting 
effects resulting from the metal supports. These data are shown as items 5 and 6, 
table 4-8. The difference in mass remained . 29 kg x m 2 (. 06 lbm ft 2 ). The effects of 
local hot spots at the panel support attachments and lateral conduction effects in the 
primary structure were not included in the analysis. 

The insulation and support rib dimensions corresponding to item 6 are shown 
in figure 4-37 for the Haynes 188 panel. Note that the distance between the primary 
structure and the corrugation bottom is 5. 7 cm (2. 25 in. ), which is . 63 cm (. 25 in. ) 
or 10$ less than the required 6.4 cm (2.5 in. ). The 10$ compression of the insula- 
tion has an insignificant effect on the thermal properties and provides better reten- 
tion of the insulation blanket. The compression also compensates for the slight 
shrinkage which occurs after repeated high-temperature exposure. 

The heat input and pressure time for the design of the Rene 41 insulation sys- 
tem is given in table 4-7. The heating rate produces a maximum surface temper- 
ature of 1144 K (1600° F). The same insulation concept used on the Haynes 188 panel 
was used on the Rene 41 panel, resized to the lower surface temperature /heat load 
requirements. The dimensions of the Rene 41 system are shown in figure 4-38. 
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Figure 4-36. - Thermal conductivity vs temperature and pressure of 
16-kg/m 3 (1.0-lbm/ft 3 ) TG 15000 (ref. 4-8) 


4.7.3 Effects of Pressure Environment on Insulation Performance 

Since insulation performance is a function of pressure, the effects of operating 
an all-Microquartz system (item 5, table 4-8) at a pressure of one atmosphere was 
. amputed. Item 7 of table 4-4 shows that 7.4 cm (2. 92 in . ), a 28. 6 r ,' increase in in- 
sulation, is requ* ed to maintain a 450 K (350°F) primary structure temperature. 
Alternately, item 8 shows that if the 5.77-cm (2.27-in. ) thickness is maintained, the 
primary structure would reach 486 K (415°F) at the increased pressure. Thus, the 
pressure for which an insulation system is designed :.nd the pressure at which the 
system is tested can have a significant effect on the performance of the system. 

Both test specimens were fabricated assuming a reduced-pressure environment. 
4.8 C ON C E PT MASS BRE A KDOW N 

The unit ma;is breakdown of the original baseline design and the new 'Iaynes 188 
design is given in table 4-9. The first column gives the estimated mass of the origi- 
nal system. The second column gives the unit mass breakdown of the new design 
based on nominal material thicknesses. The reductions in mass of the new design are 
25 ( /( for the s’vface panel, 509<’ for the support structure, and 40', for the insulation. 
This results in an overall 35.4 f ,< reduction in mass from the baseline design. r he 
most significant reductions appear for the skin, where the thickness decrcnsew from 
. 025 cm (. 010 in. ) to . 0145 cm (. 0057 in. ); the support structure, where mass re- 
ductions were achieved by reducing the number of lower clips and attaching hardware; 
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Table 4-8. — Haynes 188 insulation system mass comparisons 


Insulation system 

Press. 

Envir 

Max struct 
temperature 

Insulation 

thickness 

Insulation 1 

mass 

K 



in. 



(1) 3.5-lom/ft^ Microquart/ w/o 
supports 

14040 

Traj 

450 

350 

5.31 

2.09 

2.9E 

0.61 

(2) l.l lbm/tt^ Astroquartz w^o 
supports 

14040 

Traj 

450 

350 

24.7 



081 

(3) 3.5-lbm/ft^ Microquartz 
+ 1.0 in. of 1 1-lbm 'ft^ Astro 
Quartz w/o supports 

14040 

Tra| 

450 

350 

7.04 

2 77 

2 98 

0.61 

(4) 3.5-lbm ft^ Microquartz 
+ .56 in of I.O lbm/ft^ TG 
1 5000 W/O supports 

14040 

Traj 

450 

350 

5.8+t 

2 30 

2.68 

0.55 

(5) 3.5-lbm/ft^ Microquartz, 
corrected for structural 
support heat leak 

14040 

Tra; 

450 

350 

5.77 

2.27 

3.22 

0.66 

(6) 3.5-lbm/tt^ Microquartz 
+ .60 in of 1 Olbm/ft^ TG 
15000, corrected tor structural 
support heat leak 

14040 

450 

350 

6 35 

2.50 

2.93 

0 60 

(7) 3.5 Ibm/tt^ Microquartz, 
corrected foi structural 
support heat leak 

1.0 

Atmos 

450 

350 


2.92 

4 16 

0.85 

(8) 3 5-lbm/ft^ Microquaitz. 
corrected foi structural 
support heat leak 

1.0 

Atmos 

486 

•15 

■ 

2.27 

3 22 

0.66 




• Surface equilibrium temperature = 1255 K (1800 F) 

• 35 lbm/ft^ - 56 kg/m^ 

• 1 1 Ibm/ft^ - 17.6 kq 

• 1 0 Ibm/ft^ 16 kg/rti^ 
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figure 4-37. - Haynes 188 panel insulation system dimensions. 
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Figure 4-38. - i41 panel insertion system dimensions. 
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Table 4-9. — Mass (estimated nominal weights) comparison of original baseline 
and new design. 


Original baseline 


Supports 


Insulation 


a 8-32 screws and nuts used 
5 Inconel bagging and supports 
c TG 15000 insulation 

2217-52W 


New design 


Component 

lbr*/ft 2 

kg/m^ 

Ibro/ft 2 

kg/m 2 

Surface panel 

Skin 

0523 

2.554 

0.2866 

1.3994 

Corrugation 

.664 

3.242 

5888 

2.8749 

Doublers 

- 

— 

.0299 

.1460 

Attach rivets 

a 054 

.264 

.0240 

1172 

Subtotal 

1.241 

6.060 

.9293 

4.5375 

% change 


l 

1 -251 


Wius 

0.090 

0.439 

00539 

0.2632 

Upper clips 

.110 

537 

.1064 

.5195 

Lower dips 

.164 

.801 

.0547 

.2671 

Drag bracket 

.031 

.151 

.0158 

0771 

Attach hardware 

.130 

.635 

.0302 

1475 

Subtotal 

.525 

2.563 

.2610 

1.2744 

% change 

- 


S -50.3 


! 

— 

Microquart; 

0.660 

5.350 

3.223 

1.709 

0.5541 

c .0500 

2.7055 

.2441 

! 

Subtotal 

1.010 

4.932 

.6041 

2 9496 


% change 



-40.2 , 


i utai 

2.776 

13.555 

1.7944 

8.7615 

i 

i 

% change 


— 

-35.4 1 

1 


[] 


: ) 

i f 


Mi \ 
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and in the insulation system, where reductions were obtained by eliminating foil bag- 
ging and support hardware, and the use of low-density '1X1 15000 insulation. 



c 

D 

i i 

j 



The actual unit mass of each .omponent was also determined, and is given in 
the third column of table 4-10. Actual overall mass increased 8. l r ,' from the esti- 
mated nominal tolerance system. The largest mass increase (20. 7 \ ) occurred in the 
corrugation, and was the result of thinning at the corrugation bend line. The thinning 
occurred during the postforming ’’sizing" operation. Sizing of the corrugation was 
required to straighten >he corrugations after brake- forming. The technique used was 
to brake-form sligh *y undersize ana subsequently stretch or "size" the corrugation 
in a lorm block, machined to the required final dimensions. The sizing was achieved 
by i sing pressure plai.s to size the part to its final dimensions. The plates caused 
an excessive amount of stretch to occur in the bend area, resulting in significant 
thinning, approximately . 0076 cm (. 003 in. ) at the bend line. The reduced thickness 
was used as the base thickness for the chem-milling operation so that the required 
minimum of .0145 cm (.0057 in.) would be achieved at the bend line. The eorruga- 
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Table 4-10. — haynes TPS mass breakdown (new design). 


Component 

— 
Estimated mass 
(nominal tolerance) 

Estimated mass 
(max tolerance) 

Actual 

mass 

mam 

199 


kg/m 2 

msm 


[ Surface panel f 

Skin 

02866 

1.3994 

0 3014 

1 4716 

0.3090 

1.5087 

Corrugation 

5888 

2.8749 

.6497 

3 1723 

7110 

34716 

Doublers 

0299 

1460 

.0309 

1509 

6.0360 

6 1758 

Attach rivets 

0240 

.1172 

a. 0240 

a 1172 

c 0240 

c 1172 

Subtotal 

9293 

4.5375 

1 0059 

4.9120 

1 080 

5.2733 

°o change 

- 


82 

♦ 16.2 1 

Supports | 

Webs 

0 0539 

0.2632 

00573 

0 2798 

0.0540 

0.2637 

Upper clips 

1064 

.5195 

1076 

5254 

0986 

4814 

Lower clips 

0547 

.2671 

.0553 

2700 

.0548 

2676 

Drag bracket 

0158 

0771 

0163 

0796 

6.0180 

60879 

Attach hardware 

C-*)2 

1475 

0302 

1475 

c 0302 

c .1475 

Subtotal 

2610 

1 2744 

2667 

1 3023 

2667 

1.2481 

% change 

- 


♦ 2.2 

- 

2 1 

insulation | 

MicroqUiVt.- 

0 5541 

2 7055 

ao 5541 

a2 7055 

c0 5541 

c 2 7055 

TG 15000 

0500 

.2441 

J.0500 

a. 2441 

c 0500 

c 2441 

Subtotal 

6041 

2 9496 

.6041 

? 9496 

6041 

2.9496 

% change 





- 


Total 

1.7944 

8.7015 

1.6767 

9.1639 

1 9397 

9.4710 

% chai , • 

- 


J 4.6 

+8.1 

J Not availeb ■> 







* 044 cm ( 01 75 in ) mats u>ed instead of 038 cm ( 015 in.) 




1 Items not weighed 
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tlon wall thickness averaged . 022 cm (. 0085 in. ) instead of . 0145 cm (. 0057 in. ), 
which accounts for the 3.47-kg m~ (. 711 -Ibm ft 2) mass. This problem was eliminated 
during the Rene 41 forming operations by using a larger bend radius and redesigning 
the pressure plates used in the sizing operation. Mass increases in the skin doublers 
and drag bracket resulted from use of . 044-cm (. 0175-in. ) instead of . 038-cm 
(. 015-in. ) material, which was not available. 

The unit mass breakdown of the Rene 41 TPS is given in table 4-11. As indicated 
the actual mass of the fabricated panel was only 2. 8^ higher than estimated. 


Table 4-11. - Rene 41 TPS mass breakdown. 



Estimated mas* 

Estn 

aa 

admass 

— 

1 


(Nominal 

tolerance) 

(Max tolerance) 

Actual mass | 

Component 

Ibm/ft 2 

kg/m 2 

Ibm/ft 2 

kg/m 2 

Ibm/ft 2 



kg/m 2 

Surface panel 

Skin 

0.3525 

1.7211 

0.3971 


19388 

0.3600 

1.7577 

Corrugation 

.4447 

2.1712 

.4751 


2.3196 

.4800 

2.3436 

Dou biers 

.0116 

.0566 

.0123 


.0601 

0103 

.0503 

Attach rivets 

.0240 

.1172 

a .0240 


a 1172 

. 

b.0240 

b.1172 

Subtotal 

.8328 

4.0661 

.9085 


4.4357 

.8743 

4 2688 

% change 


- 


+9.1 

+5.0 

Supports 

Webs 

0.0262 

0.1279 

0.0278 


0.1357 

0.0324 

0.1582 

Upper clips 

.0655 

.3198 

.0668 


.3261 

.0570 

.2783 

Lower clips 

.0337 

.1645 

.0344 


.1680 

.0306 

1494 

Drag bracket 

.0103 

0503 

.0106 


.0518 

.0149 

.0727 

Attach hardware 

0302 

.1474 

.0302 


.1474 

b.0302 

b 1474 

Subtotal 

.1659 

.8099 

.1698 


.8290 

.1651 

8060 

% change 


- 

_ 

+2.3 

+0.0 I 

- I 

Insulation 

Microquart/ 

0.4020 

1.9627 

30.4020 


ai.9627 

b0.4020 

bl .9627 

TG 15000 

.0500 

.2441 

a .0500 


a .2441 

b .0500 

b .2441 

Subtotal 

.4520 

2.2068 

.4520 


2.2068 

.4520 

2.2068 

% change 


- 





- 

Total 

1.4507 

7.0828 

1.5303 


7.471 f 

1.4914 

7.2816 

% change 


- 


+F.5 

+2.8 

1 

a Not available 
k Not weighed 
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4.9 PANEL STIFFNESS PROPERTIES 


B 

Panel stiffness properties were determined for die Haynes 188 and Rene 41 

L I panels. The properties were calculated for the final production sections, which are 

j illustrated in figures 4-10(a> and 4-l0(b). The properties are given in table 4-12. 
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Table 4-12. - Summary of panel stiffness properties. 


Constant 

Haynes 188 TPS 

Rene 41 TPS 

N'm 

lb— m. 

N*m 

lb— in. 

Room tamp 

1255 K 

Room temp 

1800° F 

Roam temp 

1144 K 

Room temp 

1600° F 

°x 

6739 

2695 

59 643 

23 857 

2656 

1490 

23 539 

13185 

D V 

.4180 

.1695 

3.7 

1.5 

.9830 

.5536 

A7 

4.9 

°xv 

2254 

902 

19 949 

7980 

1218 

682 

10 779 

6037 


22 17 
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Section 5 



TEST SPECIMEN FABRICATION 


5.1 HAYNES 188 FASTENER DEVELOPMENT 

Although conventional, threaded fasteners have been fabricated from Haynes 25 
(L-605) alloy, experience has shown that oxide formation after repeated high-tempera- 
tare exposure makes removal extremely difficult. (Seizure of Haynes 25 screws on a 
previous test panel is described in reference 5-1, page 13.) Although Haynes 188 is 
less prone to oxidation than Haynes 25, Haynes 188 threaded fasteners are heavier and 
more costly to use in blind applications, ami should be restricted to areas requiring 
access to the primary structure. The desirability, therefore, of a low-mass blind 
rivet for the large areas of the TPS was recognized early in the program, and the 
development of a blind fastener fabricated from Haynes 188 was undertaken. 

The Huck Manufacturing Co. , Carson, California, was selected to manufacture 
the fasteners. The design selected was developed from the existing mechanically 
locking spindle (MLS) type blind rivet. This type of rivet is used extensively on 
aerospace-type structures. The fastener developed by Huck is shown in figure 5-1. 

As illustrated, the fastener employs a forged, brazier-type protruding head. A flush- l 

type head can also be fabricated, if required. The flush-type head was not used on the 

test specimen so that double dimpling could be avoided. The fastener includes a lock 

collar for positive retention of the control pin. Both the lock collar and central pin 

were machined from .317-cm (.125-in.) diameter wire. The head and shank were 

forged from ,396-cm (. 156-in. ) diameter wire. 

5.2 SURFACE-PANEL FABRICATION 
5.2.1 Skin Fabrication 

The skin was fabricated using conventional rubber-press techniques. The alu- 
minum form block, which includes the bead geometry, is shown in figure 5-2. The 
finished Haynes 188 skin, formed after chem-milling, is shown in figure 5-3. The 
Rene akin was formed on the same block. 

5.2.2 Corrugation Fabrication 

The corrugation was fabricated using a standard forming brake. The forming i 

sequence is shown in figure 5-4. The corrugation, formed before chem-milling, was 
predrilled on the edges, using an accurate drill template. The holes were used to 
locate the upper die by use of an index pin, as shown in figure 5-4(a). Figures 5— 4(b) i 

through (g) show the actual brake-forming sequence of the Kene 41 corrugation. j 

Figure 5-4(h) shows the corrugation being removed from the sizing block, which was 1 

used to stretch or size the corrugation to its final dimensions. i 

1 

’’Thinning" at the bend line was experienced with the Haynes 188 corrugation. I 

This was the result of too sharp a radius on the sizing plates, which were used to j 

force and stretch the material into the sizing block. The reduced thickness at the j 
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bend lines was identified during chem-milling, and Ibis reduced thickness was used as 
the base thickness during chem-milling. Consequently, the final wall thickness 
averaged .022 cm (.0085 in.) instead of the desired .0145 cm (.0057 in.). 

Hie thinning was prevented on the Rene 41 corrugation by use of a larger 
bend radius and redesigned sizing blocks. An enlargement of the Ren€ 41 corrugation, 
shown in figure 5-5, indicates essentially no thinning at the upper or lower bend areas. 

5.2.3 Surf ace- Panel Assembly 

The skin and corrugation were joined by means of a roll-seam welding technique 
which produces an overlapping spotweld. Three weld lines were used at each skin/ 
corrugation interface. After seam welding, the edge doublers were added at each end 
by conventional spotwelding. The fully assembled surface panel is shown in figure 5-6. 
Also shown is die corrugation chem-mill sculpturing profile employed to minimize 
mass. (Refer to para 4.3.7.) 

5.2.4 Haynes 188 Panel Surface Emittance Treatment 

Prior to test specimen final assembly, the Haynes 188 surface panels were 
preoxidized to increase their surface emittance. The emittance treatment consisted 
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Figure 5 1. - Haynes 188 blind fastener. 
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Figure 5 5. - Rene 41 corrugation bend area enlargement. 
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Figure 5 6. - Fully assembled Hayne* 188 surface panel 
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figure 5-8 - Center Support rib 



Edge fairings were designed and fabricated to seal tire test specimen within the 
test emits,' and to provide a smooth aerodynamic flow during testing. The fairings are 
shown in figure 5-10. The forward and aft fairings were lubber- press formed with 
a bead geometry identical to toe skin panels. The beads "close-out" to provide a 
smooth aerodynamic flow , The side fairings have flat flanges spohvelded to the skin 
panels. All the edge fairings were formed with a curved (halt-circle! lip, which was 
designed to support a braided rope- type seal made of a silica material. The seal is 
added during installation of toe test specimen in the TPSTF test cavity, 

5.5 TEST SPECIMEN FINAL ASSEMBLY 


The fully assembled Haynes 188 TPS test specimen is shown in figure 5-11. The 
61- x 91-em (24- x 36-in, ; specimen is shown mounted on the aluminum support 
structure designed to simulate the thermal mass of a typical flight vehicle (subsection 
6.5). The first step in final assembly was to attach the support ribs, including in s to at - 


solution system was then installed between the ribs, as shown. The skin and forward 
and aft fairings, were then installed on the support ribs and fastened using the Haynes 
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ST SPECIMEN INSTRl MENTATION & SUPPORT S'fR! tTl RE 


st .specimen instiumentatlon configuration is she : mm in figure "6-1 . As is 
.he rm occupies (T C"i were installed in the locations* indicated to moniioi 
•n temperatures. Hu- eight T 'Cs, which monitored heat-sink tempera- 
fabricated using chrome! alumel tiberglass-lnsulated 30-gage wire, an 
i a high- temperature adhesive. All o titer T/Cs are the eeranto type, 

<< the test panel, . Thermocouples attached to the heat sink are shown in 


wit*, two- proved connecters 15,2 cm ifi 


m hy -Hr dm pint entent o! the extending cable. Hie transducer, shown in figure 
was mounted below tine heat sink, where the temperature was less than 177 K 


IX 5 ’ !.A TIOK SY STE \l TE M 1’” HA T 


To w :t!«:d temperature gradients through the insulation thickness, four T Os 
placet! 1.27 cm (0,r» In , ) apart cm a support plate. Two such arrangements were 
wed, indicator! by the letter "T* in figure (1-1, One is located at the panel center 
>». near the Hexing rib, The two T/C assemblies are shewn in figure 6-2, 
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wpansion joint leakage, three T Cs were placed in line under the 
ion joint area, lids fs illustrated in section A -A o! figure d-1, 
occur, it .'was expected that the center TO would record a higher 
* arrangement was employed at three locations in the expansion 
punsters joint f ore dim*, n in liguro u-i. 
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the TPSTF. It was to represent the thermal r ass of a vehicle substructure equiva- 
lent to a .51-cm {0. 20-in. ) thick aluminum plate. (Detail stress analysis of the sup- 
port structure is given in appendix I. ) Although the maximum pressure In the TPSTF 
is approximately 2*5 kPa (53 psf), the support structure was designed and checked for 
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Section 7 


CONCLUSIONS 


A lightweight metallic TPS was designed, and two test articles were fabricated, 
one from Haynes 188 and one from Rene 41. A baseline TPS concept, selected at the 
beginning of the program, consisted of a Haynes 25 corrugation- stiffened beaded skin 
surface panel, a specially designed support system, and an insulation system. Bv 
optimizing the structure for the design loads and by chem-milling to remove material 
not needed, the mass of the baseline surface panel was reduced 25'', , and the mass of 
the support structure was reduced 50 ( i . The insulation system mass was reduced 
40 r ,' by using two types of insulation, each suited to its temperature range, and by 
eliminating a foil bag which encapsulated the baseline insulation system. These re- 
ductions resulted in an overall 35', reduction in mass of the Haynes 188 panel from 
the baseline llavnes 25 design. Similar reductions were achieved with the Rene 41 
system. 

The overall program led to the following conclusions: 

• Rene 41 and llavnes 188 heat shields appear to be viable approaches for a 
thermal protection system for vehicles sustaining temperatures up to 
1255 K (1800°F) 

, o •? 

• A Rene 41 TPS with a mass of 7.08 kg / m“ (1.45 Ibm ft“) and a llavnes 188 
TPS with a mass of 8. 7015 kg m- ( . 704 Ibm ft~) can be fabricated using 
state-of-the-art production techniques. 

• Two thermal protection systems, optimized for different materials and 
operating temperatures, can be used as adjacent compatible systems, with 
only a small decrease in mass efficiency resulting from the compromise. 

In view of these results, it is concluded that the basic technology for flat 
metallic I PS is available. 
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APPENDIX A 

Skin /Corrugation Optimization Procedure 

The surface panel (skin/corrugation) optimization procedure is given 
in the following pages. The design equations and analysis procedure are 
presented. Also presented is the computer program (HAYNES) which was 
developed to simplify selection of the optimum Haynes 188 and Ren£ Ul 
configurations . 


Design Equations 

The bending moment (M) at mid-span is: 


M = 


V L 
imrr 


.*. M = .31668 P P 

r 


Where: P^ = Pressure (PSF) 

p = Pitch 
L = Span = 19*1 in 


E (modulus) is the appropriate value 
for temp, and material ccsr.bo. 

Element (T]) 

(FLUTTER CONSTRAINTS 
See Fig. 1-7, 1-8) 



(1) t x s .0061 (b+.06) (HAYNES) 

t x * .0078 (b+.06) - .00192 (RENE') 

BUCKLING 

(2) .3l668p(350) < 

NA ^ FACTOR OF SAFETY 



K 1 = 1.3 (b+.06) for a 10$ 
aspect ratio bead 

CREEP 

(3) .31666 p( $0) a 

NA 


2770 + 1770 (h» .~ l 
1.15 

^(FACTOR 0* SAFETY) 




2 - 


ELEMENT (2- 


( BUCKLING) 


BUCKLING: 


CONO A 


.3l668p (350) 


(h-x) 3.62E* 


t.+t„ 
1 c 


/t/ 

/ \' \ 

l Cl 


% li 


^ I* d 

ELEMENT was assumed to be a long plate, simply supported on the 
long sides, with a bending gradient as shown. 

The buckling coefficient was fit to: 


K = e £.7355+1.1663 J ] 

cr 

for the ranges of j- of interest in this study 

,, * 2 


f 8 = .3l668p(430) 


K El 
cr \ h > 


ELEMENT 


(BUCKLING, COND A) _ 3 62E I 
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.3l668p (50) 
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KALYSIS PROCEDURES 


REPRODUCmiUTY OF THE 
ORIGINAL PAGG IS POOR 


Known 

Parameters 


1 . 


2 . 


3. 


k. 


5. 


6 . 


7. 


3. 


9. 


10 . 

u. 

12 . 


13. 


ASSUME p 
ASSUME b 

ASSUME h x is known 

IF x <(h+.lb)/2 go to Step lU 
Solve Eq ( 8 ) for ( I„. ) 

REQUIRED 

Solve Eq ( 6 ) for t^ 

Solve Eq (l) for t^ 


b 

h 


^ : na^ 


REQ 


EA 

Solve = x for (dt^) 


Substitute Eq ( 7 ) and solve for d 
Solve dt^ for t^ 

Solve section property equations for (Ij^) 


ACTUAL 


IF 


^ I NA^ 




ACT 


-1 


REQ 


TOLERANCE 

4 

“ token as 0.001 


^NA^ 


d 

*3 

AC 1 


Increment h and return to Step U, otherwise go to step l c 


lL . Solve Fq ( 3 ) for (l w .) and go to Step 7. 

m REQUIRED 

1?. Check equations (2) & (L) to see if design is acceptable. If not go 
to Step 2. 


\ 

■ 


A - 3 





Known 

Parameters 


16. Calculate Section Weight/Pt^ 

W = ^ • Ikk • DENSITY 

17. Continue varying p, b and 8 to find optimum section. 

• Because of the number of arithmetic operations required 
and the iterative nature of the analysis, a computer 
program HAYNES, was written. This program can not be 
considered as the true optimization program, since 
some of the steps necessary to find the least weight 
acceptable design section are graphical and require 
the user to interface with the program. 

The program follows the 17 steps outlined above ex- 
cept that the sequence has been altered to improve 
the program efficiency. A program option allows 
the margins of safety for each element to be output 
if desired by the user. The program operates on 
Grumman's time-share computer. 

The computer printout for the optimized HAYNES 
section is presented in Figure A-l. The face sheet 
thickness, t^, was sized to prevent flutter, but it 
can be seen that it (element / ) has only a 3% 

margin of safety in buckling under Condition B and a zero 
margin in creep under Condition D. Elements ^4^ and 
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have zero margins under two conditions. Element 
(5T 3 > as e zero margin in buckling under condi- 
tion B. The margin of safety reflects the re- 
serve strength after the appropriate factor of 


safety has been applied. The results for the opti- 
mized Rene' hi panel arc given in Figure A-2. 
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CORRUGATION SCULPTURING PROFILE DETEfMI NATION 
To minimize corrugation mass, the lower horizontal flat of the corruga- 
was sculptured. The sculpturing profile was designed to match the bend- 
ing moment and to maintain the area and buckling allowable stress. The de- 
sign equations and analysis procedure are presented, including the profile 
i ir the Haynes 188 and the Rene' 4l panel. 
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d & t^ were obtained from 
optimization procedures 
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For manufacturing, the lower 
flange must be altered to this , 
geometry (t„ from optimization) 


Therefore, select d' & t^ such that the area and buckling allowable re- 


main the same. 


d # ' <- 2(.06)(t 2 ) = d • t 3 


3V LING 


Since lateral bending stiffness controls the buckling, select d' and t^ 
to provide tl.j same, or less, deflection. 
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which must be less than : 
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a *-« 2 . (x«dt ) 2 

t 3 tf 



( 3 ) 


The left side of Eq. (3) is equivalent to a span of d with an equivalent 
thickness of t, so that : 
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2or-<r 





For Local Buckling: 


F = K E 
crel cr 


ft) -v(!) 


or 



(4) 


(5a) 

(5b) 


Procedure 

1. Assume d 1 

2. Solve (l) for t^ 

3. Solve (2b) for a 
l*. Solve (^t) for t 

5. Solve (5b) for d 

6. Solve (2a) for d ' 
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LOW FLANGE (Coat'd) 

7. Compare d' (Step 6) with d' # (Step l) 

a. If d' t di use new d* and return to step 1. 
o 1 


b. If dg 3f check (3) for validity 



Haynes 188 

Rene' 4l 

d 

. 698 IN. 

.439 IH. 

‘3 

.0129 HI. 

.0122 IN. 

*2 

.0055 IH. 

.0071 IN. 

d' 

.566 IN. 

.321 IN. 

d 

.686 IN. 

.441 IN. 


.0147 IN. 

.0140 IN. 

EQ (4) Left 

230170* 

105860 IN. 

EQ (4) Rt. 

226960 * 

106130 IN. 


♦Approx. 1 ^ too high - Acceptable 

Since the bending moment for all conditions is a maximum at mid-span 
and varies to zero at the ends, the width of the chem-mill pad was varied to 
minimize weight. 
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Fr® Appendix A Age A- 7 

A - 1.02646 bt x ♦ (p-bK^+tg) ♦ 2htg + dt 3 

Ax » 1.02646 bt^ [h+b(.066J»93)] + (p»b) (t^ tg)h 

A x 2 « 1.02646 bt^ [h+b( .066493 )] 2 + (p-b) (t^)* 

^•Iv 1 

X - Ax/A 

^ • A /* *„ - « 8 
Let dt, * A, 


Haynes 188 

Rene' 4l 

1.50 

1.50 

.782 

.782 

.0051 

.0073 

.633 

.435 

.0055 

.0071 

.698 

.439 

.0129 

.0122 

i 

.01867 +A 

5 

.02237 +A_ 

.0098256 

.0086947 

.0056679 

.0036384 

.002525 

.0000974 
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Lever Flange (Coat'd) 

It een be seen that as decreases, X increases so that the lover flange 
is alvays more critical than the upper bead. Further, since as the width of 
the chem-mill pad is reduced, the local buckling allowable decreases. The 
creep allowable is alvays constant so that buckling under condition A is 
Critical. 



s * t f » ’ ¥ ' F *i ' tx ■ n? E (I) «cb - 3 -® <“ c » B5 - u -“* 1 1 

E * 34.2 x lO^psi - Haynes 188 
« 31.6 x 10 6 psi - Rene' 4l 

Procedure : 

0 

1. Assume d 

2. Calculate or from (2b) 

3. Calculate t from (4) 

4. Calculate F CREL from (5a) 

5. Calculate M ATT from (6) 

6. Calculate X from (7) below. 

M att is plotted against d' in Fig. &*1 
The applied bending moment is given by: 

p 

w “ iW ’ p s #/ in . 

" • w [r - r] 

(L =« 19.1 IN.) 

B-6 ' 
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.25 . 51 .76 1.02 1 . 2 ' 

(. 1 ) (. 2 ) (. 3 ) (.*0 (.5 

C HEM- MILL PAD WIDTH an (IN.) 


FIGURE B-l ALLOWABLE BENDING MOMENT 
vs CHEW- MILL PAD WIDTH 























DISTANCE X § 

FROM MID-SPAN 1 

in 

cm 

0 


2 

5.08 

4 

10.16 

6 

15.24 

7 

17.78 

8 

20.32 

8.33 

21.16 1 

9.55 

24.26 

WT SAVED 


( CURVED PROFILING ) | 

WT SAVED 


( STRAIGHT PROFILING) | 


CHEM MILL PAD WIDTH 


i 


0.00 


.168 kg/m 2 

(.0344 lb/ft 2 ) 


.145 kg/m 2 
(.0299 lb/ft 2 ) 


.092 kg/m 
(.0188 lb/ft 2 ) 


.080 kg/m 
(.0163 lb/ft 2 ) 


IM8-026W 


(19.1 IN.) 

I 

(1) The d' shown are minimums required. Actual d ' will be slightly 
larger because straight line chem-milling will be used. 
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appendix c 

DETAIL -STRESS ANALYSIS - HAYNES 188 TPS 

The detail stress analysis of the Haynes 188 thermal protection system 
is given in the following pages. Included is the analysis for the surface 
panel to support rib attachments, the computer program developed for the 
support rib optimization, and the drag bracket detail analysis. The effect 
of panel s panwise thermal expansion on the support rib is also presented. 

SURFACE BABEL/SUFFORT MB ATTACHMENT ANALYSIS 
MAXIMUM SHEAR LOAD, V 


V “ I P P R 1 = | < 1 ‘ 5) P R ( 20) 35 1 5 P K (P R in psi) 


Condition P R (lb/ft ) 

A -430 

B 350 

C 100 

D 50 

CORRUGATION SIDEWALL BUCKLING 


Each wall carries = 22.4 lb max 


V (lb) 
-44.8 LIMIT 
36.5 LIMIT 
10.4 LIMIT 
5.2 LIMIT 


i v 


22.4 


f s = ht * .633 (.0055) 


6435 psi 


For a long plate S.S. all sides, 

K B 4.8 
cr 


22 



F orel * K cr E ‘i^ ’ ! '-8(3‘..2x 10 6 ) (*2gg f* 12390p.i 


M.S. 


ITM643 5) 


-1 + .37 


C-l 



•'V\- 



L 


CORRUGATION SIDEWALL (Cant’d) 




•«P i t 



b' = eff^ctiv^ 
width 


Doubler 


I cos 30° 


} 


1 

cos ^0 

k 



8 lb 


= 25.9 lbs 


.731 


P = 
cr 


2 

it El 


M L 


THICKNESS OF 

Doubler = .015 in. 

Sidewall = .0055 in. 

.0205 in. 


For a pin-ended column with shear along the 
length, M = .53 (GAo S.M. B3.44.;;i-1) 


E = 34.2 x 10 
P cr = 1.4(25.9) = 36.3 # . 


.*. I = 


P ML 
cr 

n 2 E 


= &£ M = 3.05 X 

TT (3^*.2 x 10°) 


10" 8 in* 


b' t 3 

1 = T0TAL For t TQTAL = .0205 IN, b ' = .042 IN 


M.S. = AMPLE 


C-2 


0 

a 

□ 


0 




BggDIgG OF FIAT BETWEBH BEADS 



Condition A is critical, V * -44.8 lb. limit. 

Treat layup as a beam of thickness of .0256 in. 



M = 22.4 • 7ie ~?3 8 « 3.786 in lb. limit 

Use 2 times the head dia. for the effective width. 



6M 



6(3.786) 

2( .38) ( .0256 ) 2 


= 45,610 psi 



? 0 psi 


K. 


•jCX . 
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Condition 

P R (pef) 

V(lb) 

A 

-U 30 

-*♦*». 8 

B 

350 

36.5 

C 

100 

10 .I 4 

D 

50 

5.2 


• THEH4AL EXBAHSIGH: 

A - oAXL * 9.7 x 10" 6(l ^IH/Uf/°F (l800-70) °F (20-1.3) IH 
- 0.31*1 IN 


(1) Ref 3-3 




















tiw; 




IN RI 


Between points A & B. 

A « or&TL - 9.7 x 10~ 6 (l800-70)(l.5) » .0252 IN 
Using the method of Castigliano and neglecting secondary deflections 


A = 2 I 1 U35014M ♦ .01513P] = .0252 

e = 2I! (J-? M + .01926P} = 0. 

P = 4.74l4 El, M = -.01284P 


Maximum moment at top of bead, M 
M « P( .055) + M » .19990 El 


f = 

*> « 2 


E = 13.7 x 10 psi 


__ u - 

12fl-u 2 ) 

.09099bt 3 

3.7 X 10 6 ) < 22 
bt 2 


« 1.495 x 10 t 


SAfl 






















I 


immml mm h, wamtm (coctM) 

It was shown that for : 

e a .003^ XX/Vt, the yield stress was not exceeded, using a 
F.8. of 1.1$. 


*» f » * *111, *Mi - •** “• 

As long as the web is s .087 H., thermal strain is not critical. 


Web Buckling - Good B (Hef % C-3) 

V • 36. //cosll° - 37.2* Unit. 

Assume web is sysaetric about Z-Z and work one side for section proper- 
ties. Treat as a pin-ended coluan with varying inertia. Ref. Timoshenko, 
"Theory of Elastic Stability". 




I 


I 

I 












n 


I 
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SECTION PROPERTIES 


A - t [b x + .02645 \ ♦ (bj-t)} + .044 (b^) 

AX * t £.06825 b| * , 5 (b 5 -t)(b 5 )] - .000968 (b^) 

AX 2 » t £.00453# > .25(b ? -t),o 5 ) 2 ] + .0000213 (bj+b^) 

ioo » <VV + • 00 °9 1 58 b| t ♦ (b 5 -t ) 3 ^ (.Cfctf 

* » ax/a, i na = ax 2 *- 1 - X£ 2 


Timoshenko's method involves assuming a deflected shape for the column 
and solving for the actual shape. The resultant shape is then used for the 
new assumption and the process repeated. When the assumed and calculated 
shapes are within some tolerance, say 0.l£, at all sections, the critical 
buckling load can be calculated. 

Because of the iterative nature of the problem and the considerable num- 
ber of arithmetic operations involved, a computer program, "Ribs" was written. 
This program is presented on pages C-19 and C- 20. 

Several thicknesses were assumed, and the resultant critical load curve 
is presented in Figure C-l. 

The flexible rib has an equivalent applied load of 74.4 lb. limit 
(104.2 lb ultimate) for a 3 inch section of web during condition B. The 
required web thckness is less than 0.005 in (Ref. Fig. C-l). The minimum 
thickness was chosen as 0.008 in. due to handling and fabrication considera- 


tions. 


M.S. - - 1 - AMPLE 
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o- 

.005 


... I. _ . I i 

.006 .007 .008 

RIB THICKNESS t(lN.) 


i 

.009 


FIGURE C-l 


: * M • 1 (»>•« v !j^S: 


ft 

.010 



WEB BUCKLING (Cont’d) 

LOCAL BUCKLING - 

( Over arches between beads.) 


b 1.2 

s — ■ ■ ■ 

a 1.55 


.77, 


K 


cr 


F 

cr 


K cr E <T> 


2.2k GAC S.M. 

B5.ll.ll-2 


** 2.2k (3h.2 x 10 6 ) 

= 3U05 psi 

P a 31*05 (1.55) (. 008 ) = 42.2 lb. 

cr 
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Consider equivalent length: 


P' « P -/ ^ - 42.2 

cr ** \ L / 


(•») 


150.2 lb. 


BUCKLING BETWEEN BEADS 


V . 


cr 


cr 


if - 

- .77 


- 

2.63 


■ 4.65 

(GAC SM B5.ll.40-1) 

■ K E 
cr 

ft)’ 


=» 4.65 

(34.2 x 10 6 ) 

/. ooe \ 2 

far) 

■ 15900 (.8) (.008) 

■ 101.8 


«• ■ I^3T - 1 ’ *“ 


♦ 


36.5 lb limit 


[ :*> 

k- 

□ 

1 2.10 

_i 

A .55 \ 



%M « 101*8 _ 1 _ Art 

M - S - * l.k(3«.5) 1 - •" 


fISE THERMAL EXPANSION 
A = .31** IN 

R » 1.88 IN clear between clips 
RSIN 11° - RSIN e » A 

9 ■ 9*6° * .168 radians 



DETAIL A 






















3PAIWISE THERMAL EXPANSION (Cont'd) 
Detail A 


end f. 


and I • 


and e 


At 1800°F, the allowable strain at yield i.' 0.0034 in/in. Using a factor 


of safety of 1.15, the length, L is 


t0 .006 (.1681 


» .23 m. 


This dimension is required at both the top and bottom web/clip interfaces. 

The accompanying sketch shows the extent of the 0.23 inch dimension frcm the 

edges of the clips. It can be seen that sufficient clearance exists, except 

at the bottom where it overlaps the beads "A". This latter situation is deemed 

to be acceptable since the beads are veiy shallow in this area. 

CLIPS 


The bending near "B " is across the 
bendline so that the stiffness of 
the bead is not a factor. Since a 
considerable amount of bending 
material is still available (non-cross 
hatched area) this analysis is con- 
sidered to be quite conservative 




^ & 


'D \ 


■MINIMUM REQ’D 
BENDING REGION 
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F ty “ 55 k8i 





















CCHDITIQH 

P R (psf) 

V(lb.) 

A 

-430 

- 89.6 

B 

350 

73.0 

C 

100 

20.8 

D 

50 

10.4 


LATERAL THERMAL EXPAHSIOM 

See flexible rib analysis, 

t ALL * 0,027 IW (Ref. Pg * C " 6) 


-I 
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ii 


Equivalent applied load * 2V 


2V * 2(73) » 1*6 lb. Limit 
» 204.* lb ULT. 


For t a .008, P a 250 lb (Ref. Pig. C-l) 


"• s - - 2 §& - 1 * 22 


Buckling over arches, P cy » 150.2 lb (Ref. Ife. C- 8 ) 


"• s - ■ i^ot - 1 ■ M 


Buckling between beads 


P = 101.8 lb (Bef. Pg. C- 8 ) 
cr 


UPPER CUPS: 


CQND. A. critical, 
V » 89.6 lb limit 


L' = . 88 -. 31 = .57 IK. 


.. PL' 89.6 ( 

Ma T s ^ 


6.38 1/ 


101.3 , 

M * s * urn -1 - 00 


41.8 LB 


r .B8 — 

! 44 . < 


.»-*rV 




69.6 6 B — I L_ 5 i, 
1 A-A 


r ■ . 4 . - M 6 -W . 

b bt 2 . 51 . ( ,M)‘ 


36,6*0 psi 


h - 1 '— h 


I 

89.6 LB 


1 

I 
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UPPflR CLIPS: (Cont'd) 


F ty - 55 *3i 


(CORD. B) 


" la fmo) - 1 » *3° 


M • Mt.8(.132) « 5„9i i 


% ^ 2 = 33S&0 psi 

0 Ms .54(.044) 2 


^ » kh.8 LB 
3t = .132 In 


(-<- 3t = . 


F ty » 55000 pal 


44. 8 LB 


1.15 (33940) 


-1 = .40 


2(09.6) * 179.2 LB 




9.63 i/ 


b bt 2 .63 (.044) 2 
» 1*7380 pal 


(*■ .31 


89.6 LB T A -<J f 89.6 LB 

--*1 r -°w» 


h-L' -H 


r- .w 

F k*-I 


M - s ‘ * TofSfeoT - 1 “ - 00 


(COND. B) 

M » 73( .132) - 9.64 IK 


6(9.61*) 

,63(.044)‘ 


» 47400 


3t = .132 


'73 LB 


1.15 (47400] 


-1 - .00 
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load P ie reversibJ e 


and is caused by mechani- 
cally induced vibration: 




'* 

■M 'f v _ *_ *' 


A (pg C~l6) 


' -4 \ 1 


DESIC29 "G n LEVEL: 

Ref: MC 621-005, Rev. D, "Wing/Structure, Subsystems, Techrical Require- 
ments for". Paragraph 3 .2. 5.2 Flight Environment 
K. Vibration 
1. Random Vibration 


f 0 = .15 


2000 Hz 


ii. Orbit er Main Engine Burn 


Worst Case 


' f o mq 


.15(2000) (10) 


27.4 — ► Use 30 g' 


q * magnification factor, taken as 10 
(typical for secondary structure) 


STRUCTURE WEIGHT: 


Panel plus upper clips 


Wt = (.875 + .0440 + .0386) Ib/ft 


i 

■ K9 


.9576 lb/ft 


015 






Drag brackets are spaced every 1*0 inches stmonwise and every 12 inches 
laterally 


A - - 3 1/3 ft 2 

P - gW^A - + 30 (.9576) (3 l/2) » + 95.8 lb. limit. 


MSB SHEAR: 


I (95.8) 


— - 63.5T/IH 


| (9MH2.75) * 

S * 1.MU.T5) * ** I* 


«3 ■ m 16 - 9#/1H 


'«■ Tmf ' 4260 J * 1 


SHEAR BUCKLING. 


. a 1 . 1+6 

Assume 5 " 2?f5 " *' 3 


K cr » 5.9 (GAC SM. B5.ll.12-1) 


F crel ■ K cr E <£> 


- 5.9 (3*1.2 X 10 6 ) 



r-’n 


q 2 


|*»-1.1»6“*| 


21300 psi 


00 


M.S. = 7 -1 =» AMPLE 







I 

B 

I 

I 

I 

I 

B 

i 

9 

B 

B 

B 

B 

I 

i 

1 

I 

1 

■ 


OVEBALL HEHDIHG. 

t 2 (.5)(.w>) (2#)* * $ (-015K2.78)- 


. .0558 nr 

M « 95.8(2.45) = 23^.7 


23 4. 7 thg) 

f J'U- - - — = 5850 psi 

f b T “ 1055^ 



FIANGE 3UCK4IHG: 


F = re i * “ 


T .3SJ* (34.2 x 10 ) 
s 11820 psi 


K * .384 GAC SM B5.ll.n-1 

(■# 


H820 , _ ),). 

“• s - ■ rmsjoy _1 ' - w 


I.OWER CLIP . 

M = 95.8 (2.75) = 263.5 


IH^ 




M 

4 * 


••i(W 

i (.95) * P 2 U.3) + P 3 (2.45) - M 

P. = 29.1 fl 
A A 

P 2 - 39-9 


♦ P 3 l P 3 


fc > 

.95~*1 


U-1.3 * 

.*-2.45. » 


P 3 = 75,1 


# 


P 3 144.1 


# 


017 



BEDDING THROUGH 
M - 75.1 (.25 - #)- 7.131**# 
EFFECTIVE WIDTH » .63 IN. 

f. . 

b bt 2 .63(.oW*) z 


1 LT 


—I - 


35070 pel 


F ty = 55 ksi 
BENDING AT P 


M * S * = I3 f^0) - 1 ' *36 


M « lV*.l(.088) » 12.68 i/ 

EFFECTIVE WIDTH = .85 IN. 


f = _ 6(lg.66j = 4623() 

b bt 2 .85(.0 Ukf 


2t = .088 IN. 


f = llA.r 


P ty = 55 ksi 


M,S * " i.15 (^6230) _1 3 * 03 


CQND. A critical 


V * M». 


M = W.8 (.22- ^ ) = 2.91 I 

, _6M 6(2,91) 


b bt 2 * 6 ^ 


= 11*320 pt>. 


F. = 55 kai 
ty 


-U |X 


A * J 

f v ♦ 



-4 




A " A Kk. 8 # 


M.S, - I3 |t^2b) - 1 " ^ 
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RIBS Ceayattf Program fer gasimt-afe O pHiniMtion 

Tint LEr! # r ,, :r.J20},:!(2-) 

PI OV* Y(2 # -0),n(2') # 5)//(20) # TEMPl(2'‘) # >:C2C) / F(2f') 

PI « 3.1U13C 
T - > 4 .z*(lcU 0. )**2 
reap t4, o) nr,i.-« 

’'RITF(G^) 

••niTECC #J ) 

::rrp - rrp 
no 10 j = i,:r' 

r r An(t # i) FC.i) # m # i), i«i,5) 

IF (J.CM) P(.l) = 1./2./XMP 
IF (J,*r.l) C(J) « r(j-l) ♦ l./VMp 
T.ITFCC,i) F<.)),<n(vl,l),l-1,5> 

u ro::Ti.;i M : 

15 ro::Tt;;Mr 
IRITCCs*,;) 

RT4r(5,i; T 

IF (T.I-2. 0.) TO UL n 
'iniTF(C,u> 

C FORHM( iwX, * STTI 0'» PROPERTIES, A, AX, AX2,XI M, If.’ERCJ) ',/> 

PO 20 J « i,Pi» 

A * T*(".(J,l)*.02»»fc3* , HJ,2) ♦ P(J,5) - T) ♦ ,044*(R(J,3) ♦ P>(J,4)) 
AX - 1, 3244s*. . CC4C*T* f *.(J,2)**2 

1 ♦ (n(.i,5)-T)*T*(r(J,3)/2;) 

2 - .r.44*(MJ,3) ♦ 0(0,4))*. 022 

\”2 « 1. J2C45**U.J,2)*T*(.0L649*B(J,2))**2 

1 ♦ ( ” ( J , 5 ) - T)*T*(0(u,5)/2. )**2 

2 ♦ ,o44*(0(J,5) ♦ R(J,4))*(.022)**2 

i r: * <r,(J,i) - r(j,2))/12.*t**3 

1 ♦ .:i5al4/lC00.**?(J,2)*^3*T 

2 ♦ 7*(r(J,5)-T)**5/12. 

3 ♦ (0( J, 3) ♦ T(J,4))/12.*(.044)* -5 

i m :r(.j) - (ax 2 ♦ :: i r: - ax**2/A)*2. 

•'Rirra,2) .i,\,a:',ax2,”i?i, tf'ER(j) 
yci,j) * sr:(pi*c(.i)) 

x(J) * i.-:!*F(j) 

2 o comrir: 

25 r 0‘!T I :?ijr 
TOTl = 0, 

TOT. = 0, 

ro 3 ci .1 “ i,;jp 

TEmOKJ) « Y ( 1 , *J ) / I \'E"' ( J ) 

TOTl - TOTl ♦ TE'^HJ) 

TOT2 * TOT2 ♦ ~ r J' r 'l ( .1) *F ( J) 

UR I VC (0,.) J,T"r n l(J),TOTl / TO 

30 com i 

j * l 

V(l) * TOTl - TOT 2 
’Hi) - v( i)*;:(i) 


72 


MTOOODCIBILlTy OP THE 
ORIGINAL PAGE IS POOR 



DO 40 J « 2, HP 

VCJ) - V(J-l) - TEMPl(J-l) 

rt(d) « V(J)*(X(J)-X(J-1)) ♦ M(d-l) 

40 corn i :;ue 

co*i - o. 

DO 50 j « l.NP 

IF(MCJ) .07. CO*l> CO'* - M(J) 

50 CONTINUE 

DO GO J » 1 # HP 

y( 2 ,j> - M(j)/ro;i 
60 continue 

DO 70 J - l,t!P 

IF(AOS(Yd,d)/Y(2,J) - 1.) .GT. 0.001) GO TO 80 
70 CONTINUE 
GO TO 100 

so continue 

DO 90 J » 1 # NP 
Y(1,J) - Y(2,J) 

90 COHTIffUE 
GO TO 25 
100 COIITI nuc 
WRITE (6. 3) 

9 FORMAT(2X,/10Y,»J l*fEP(J) TEF'Pl V M Y1 Y2 PCRIT' /) 
DO 110 J « 1,MP 
XNP « HP 

P - Yd, J)/M( J)*E/ (LEN/XNP) 

WRITE (6. 5) J,iriEr<J),TEMPl<J),V(J),M(J),Yd,J>,Y(2,J>,P 
110 COHT I HUE 
GO TO 15 

1 FORMATdtfFS, 3) 

2 FORMAT ( I3,6E14.6) 

3 FORMAT(I3,6E14.6,F10.2) 

4 FORMAT(2X,///,10X, , HHM IS THICKNESS? 1 .//) 

5 FORMAT(2X,///) 

S FORMAT(I5,9F10.5) 

099 CALL EXIT 
END 

EOF: 






8 

fi 
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The detail stress analysis of the Bene' 4l the awl protection system is 
given in the foil wing pages. Included is the analysis for the surface panel 
to rib/standoff upper and lower attachments, the rib/standoff design analysis, 
the drag bracket analysis, and the effect of panel s panwise thermal expansion. 






Maximum Shear load, V 


V " ¥ V “ I (1 ‘ 5) P R (20) = 15 P I 


CCKDITIQK* 


p_ (lb/ft^) 


(P R in psi) 
V (LB.) 


-44.8 LIMIT 
36.5 LIMIT 
10.4 LIMIT 
5.2 LIMIT 


C0RHUGATI0H SIDEWALL BUCKLUfG 

Each wall carries ^ V * 22.4 lb. max. (COKD. A) 


f s “ ht 


= 7250 psi 


For a long plate S.S. all sides 
K CR = 


t = .0071 


D-l 




















CLIP, t « .030 


COHD. A is critical, V * -44.8 lb limit 

Treat layup as a beam of thickness * .0217 M 




-31 

_ FASTENER 
HEAD 


M * 22.4 •718^.31 22.4 t * 4 

im .718- 

= 4.57 IN LBS 

Use (2) times head diameter for the effective width. 


... f » . 93900 P si 

b bt 2(.3i)(.oei7) 


F. = 127 KSI 
ty 


U e 1 » V7 

M * S * " 1.15(93900) -1 * 1? 











IGN CONDITIONS (Ref. Pg. D-l) 


COIffi. 

P R (psf) 

V(lb) 

A 

-430 

-44.8 

B 

350 

36.5 

C 

100 

io.4 

D 

50 

5.2 


* 


* THERMAL EXPANSION: 


A ■ aATL 


6 ( 1 ) 

8.5 x 10 (1600-70) (20-.88) 

.249 IN 

(1) REF 3-3 


Z 


































m 


1 



i 


i 

i 



■Hie 0.2^ offset strain (yield stress) at 1600°F is: (o 9 58000 psi) 

y 

e - .002 + -S? 000 * =. .0053 IN/IN 
17.7 x 10 

The margin against exceeding the yield stress at 1600°F is: 

M - s - - larr^kaT - 1 ■ -°» 


WEB BUCKLING - COND. B (Ref. Pg. D-l*) 

V = 36. //cos ll)° > 37.6 lb limit (COND. B) 
GENERAL INSTABILITY 

Assume web is symmetric about Z-Z and work one side for 
section properties. Treat as a pin-ended column with vary- 
ing inertia. (Ref. Timoshenko, "Theory cf Elastic Stability.") 


b, 


HALF-SECTION: 


NOTE: THIS BEAD 

NEGLECTED FOR 
GENERAL INSTABILITY 






I 

1 

1 

I 

I 

8 

a 

a 

a 

m 

1 
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SECTION PROPERTIES 


A » t + .02645 b 0 + (b. 


f t} ] 


A x »t 


4 -* 


] 


.06825 bg + .5 (b 3 -t) (b 3 ) 


.004538 b 3 + .25 (b 3 -t) (b^ 


1 


"oo " < V b 2> E + .00091 58 b 3 t ♦ (b 3 -t) 3 (£) 
x = A^/A; I M - A x + I QO - 


Timoshenko's method involves assuming a deflected shape for the column and 
solving for the actual shape. The resultant shape is then used for new assump- 
tion and the process is repeated. When the assumed and actual shapes are with- 
in some tolerance, say 0.1$, at all sections, the critical buckling load can 
be calculated. 

Because of the iterative nature of the problem and the considerable number 
of arithmetic operations involved, the "RIBS" computer program (Ref. Appendix 
n , PS C-19 & C-20) was modified to solve for the Rene' allowable loads. Several 
thicknesses were assumed, and the resulting critical load curves are presented 
in Figure D-l. 

The flexible rib has an equivalent applied load of 75*2 lb limit (105.3 lb 
ultimate) for a 3 inch section of web during COND. B. The allowable load for 
t * .0065 I» is 222 Lb. (Fig. D-l) 


M.S. 


222 

105.3 


-1 = 1.10 


LOCAL BUCKLING 

Over arches between beads. 


b .6 

a " 1.55 



. GAC. S.M. 
J - L? B5.ll.il- 2 


F c»l ■ K cr E (t) 2 2 

a 1.15 (31.6 X 10^) ( *°^ ) 

a 4260 pSi 

P a 4260 (1.55H.0065) « 43.0 lb 
cr 
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WEB BUCKLING (Continued) 


L' = .53L 

GACSM 

B3.40-1 


Equivalent Length - Due to Shear: 


P ' 


cr 



153.0 lb. 


I 

1 

1 


»»• 3 l.i?37?g) - 1 ~ ^ 


BUCKLING BETWEEN ARCHES. 

(Small bead added, "b" to prevent 
Local Buckling) 



A = (.28932t) (.040985) 

A x 2 = (.28932t) (.040985) 2 

I = 0001022 6t 
00 

I„ A - I + A 2 - (A ff A 
NA 00 x v x' ' 



= . 36832 xlO - ^t , t - .0065, I = 2.394 xj.O“ 6 IN* 


t 2 EI 


P CR = — 2~ Ne Slecting any support along the long edges 


, n 2 »i.too 6 )(2.3gi«ap- . 6 ) =3111b . 


CR 


(1.55) 


M - s - ■ - 1 ■ AMPLE 
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fijxthlb RIB- UPPER CUP (Continued) 


Fty ■ 127 k3i 


M.S. 



.08 


FLEXIBLE RIB - LOWER CLIP 
COND.A* 

N - 89.6 = 14.34 Ilf 

6M 6(14.34) 

*' m Z? 

= 99580 pai 
Fty = 127 ksi 



m.s. = 1 2 3 0 00 _ = 10 

1.15(99580) 


COND. B* 

& 

M = 73(.09) » 6.57 IH 

f = 6 m_ = 6 Q^Zl 
b bt 2 .42( .03 ) 2 


= 104290 psi 
Fty = 127 ksi 



*Ref. Pg. D-4 


M.S. 


127000 . 

" 1.15 (104290) “ A 


.05 


D-ll 



I 


1 » M i If [ M t X-LiA 

FIXED RIB 


DESIGN CONDITIONS* 
CONDITION 

? R (psf) 

V(lb.) 

A 

-430 

- 89.6 

B 

350 

73.0 

C 

100 

20.8 

D 

50 

10.4 


*Ref. Pg. D-4, Values of V are double flexible rib values. 
LATERAL THERMAL EXPANSICW 

See flexible Rib Analysir, page D -5 
WEB BUCKLING - General Instability 

Equivalent Applied Load ■ 2V for 3” width 
2V = 2(73.0) = 146 lb. limit 
= 204.4 lb ult. 

For t = .0065, P CR = 970 lb. (Ref. Fig. D-l) 

M.S. = _i = ample 

Buckling Over Arches; P CR = 153.0 lb (Ref, Pg. d- 8 ) 

Ks - - - 1 - •‘‘9 

Buckling Between Arches; P CR = 311. lb (Ref. Pg. D- 8 ) 

311 

M - S - ■ DKfr.o) - 1 - 
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M 

= 6.3P IN 9 


b b? . 5 M. 030) 2 

=> 78810 pai 
Fty * 127 ksi 


COW5ITION B, V = 73.0 lb.* 
M = 36 . 5( .09) = 3.29 IN lb. 



= 1*0,560 psi 


Fty = 127 ksi 
* Ref. Pg. D-1I 
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CONDITION A, V * 2(89.6)* 
« 179-2 lb 




>.63 II/ 


f s jM g . 6^63 )_, 
b bt 2 .63(.030) 2 

= 101900 psi 

PTY » 127 ksi 


89.6# I t 89.6# 

„T-L 

Frl-j . B p“ 


179*2# 


1.15(101900) 


CONDITION B, V = 2(73.0) = l>+6 lb.* 
M = 73.0(.09) = 6.57 i/ 


= 73# 


f a -- - iiXatAl 7 

b bt 2 .63(.03) 2 


Pty = 127 ksi 


= 69520 psi 


(— 3t = -09 

T"* 

73# 


127000 

1.15(69520) 


-1 * .58 


*Ref. Pg. D-Il 


r 








The load P it; reversible and is 











I 

1 

1 

1 

1 

a 


caused by mechanically induced 
/i brat ion: 

V loading: 30 g's 
(Set. Appendix C pg. C-i4) 

Vtight of panel plus 

typer Clips = .792 * .02618 + .02291 

* .84109 lb/FI^ 

Drag brackets are spaced every 40 inches streamd.se and every 12 inches lat- 
erally. 

.*. P = g W T A * 30( .81*109) - 81*.l lb. 



WEB SHEAR 



§<84.l) 

q i m ""Trr 

|(84.1)(2.15) 
% m 2.15^1.46) 


56.1 #/lH 

28.8 #/!M 


% - 

f s * T = m2 x k68 ° psi 

BUCKLING OF WEB 

Assume f - §7ff - *53 

K = 5.9 GAC S.M. B5.ll.12-1 
cr 


F crel “ K cr E $ " 5-9 (31.6 x 10 6 


12590 psi 




2 


M.S. 


1 2590 , 

IXTTOB57 


.92 
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OVERALL BOQHHGL 


(2.68) 3 *2(.S« . 012 ) 

X 


» ,o 4 o 8 IH* _1 

. 1 

.50 i 

D 1 

M = 84.1 (1.81) « 152.2 Dl/ 

1 

Y 

Me 152.2 

— 2.68 

% - 1 * .oua - 5000 p.1 



W^r 1 ^) 2 

= .38k (31.6 i 10 6 ) {^y-f 

= 6990 psi 
LOWER CLIP 

M => 84.1* (2.15) » 180.8 i/ 

* Ref. Ife. D-lH 



P^.95) + P 2 (1.3) + P 3 (2.45) * 



GAC Structures Manual 



M 

20 . 0 ." 

27.3# 


P = 98.8# 








DRAG BRACKET (Continued) 





LOWER CLIP (Continued) 
SENDING THROUGH 

M * 51.5 (.25 - * 14.89 d* 

i ffective width = .63 





, 6^-89) 

bt 2 .63 (. 03) 2 


51750 





8 

I 




Fty = 127 ksi 


M.S. 


127000 

1 . 15 ( 51750 ) 


AMPLE 


BENDING AT P. 


M = 98.8 (. 09 ) = 8.89 II/ 

= - i ( , 8 . 8 gj = 9^0 70 psi 
b bt .63 (. 03 ) 



M.S. 


12700 Q 

1.15 ( 9 ** 070 ) ~ x 
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APPENDIX E 

HAINES 188 TPS PRODUCTION DRAWINGS 
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The Haymes 188 TPS test specimen production drawings are given, 
including: 


AD1001-100 

AD1001-101 

AD1001-102 

AD1001-103 

AD1001-104 

AD1001-105 

AD1001-106 


Test Specimen - Final Assembly 
Skin - Details and Assembly 
Support Ribs - Details and Assembly 
Insulation System - Details and Assembly 
Support Structure assembly 
Insulation S" ? - er' 

Fairings and *-.io Seals - Details 
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AD1001-103. - Inflation system - details end assembly. 
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i t 1001-104. - Support structure assembly. 
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APPE39DIX F 

KERB' 4l TPS PRODUCTIQS DBAWISGS 


The Rene’ 41 TPS test specimen production drawings are given, 
including: 


AD 100 1-300 Test Specimen Final Assembly 
AD 100 1-301 Skin - Details and Assembly 
AD1001-302 Support Ribs - Details and Assembly 
AD1001-303 Insulation System Details and Assembly 
AD1001-304 Support Structure Assembly 
AD 1001-306 Fairings and End Seal Details 













F-l 


I 










































ao *xy- 9aB -*/(*) 

>aoo 4**fJ 


,»«»>■» » » w KX f ^won/ 

1 *r j«kW*MW MMMET 

/n^+AcActm) 


'Omoj-9cB-9fx) 

'r»0MO*M>rt 


w-Jat-# 

:.*rK**m*/Gr 





f 


9*0 




C*e*) 



- <5/ & £><,- 23 CS4/ 




' 4 *# &54ck . Tfr#? 'f&tA&zj 

i- -S^- 


40A*~ 56i ^aiV> 


AOfOof- /OS-.'S 


*0* ?£* r sneer// ;c^ w •ViMtOt, 





fOLDOUT 


A£>*QO*-BQl ' » (*ee) - 
A&00+9&H9 -\ 


- A&OOt-SOt'S 4*J/4?kv<* 
(tB0Q 


fO£A) 


J 


AO*ao**38*/fa&-^ 


AOOG*3&*-/ 


- A£tKxv-5oz~ S9 rea*$ 
r A&00/-90&-// fe&d 


rA«S4 

/ ** 


AMSA A4a«L m ocoa*fie**rj 

ftass&ttv 




X , \ 


*327059cue-/SriM; 
Anato+a -03 f44j 
AtrttOCB (44! 

(*wa /mo /»os0 


-zznste 


X4vs \nPS 

&*7tkA*#*a 


~***3ea> 6-w 
**S*s0*3-04 * 
AAS960C+ 


AO *00*36*- 1 - 

r-eacy 


>»W<flM36e 
^&MS A^A9l ¥10^ 


-TTfr»ge S>gfc 


• M038gO6.no SOBffHtW 

fits* x>+3 -0& Murt+j 

AA/96& -CO M8*03(ev 


S£C7>OA/g.t 

(avlo Sf2S) 


r&r 


IT-- 

^ t «3- 


ft/' i 
“1 1/ 
r^Jkr- 


- Sir// 7S-* &L/ASO &/ucr 
T*t>(#£*V 

rADtQOt 303 


/ «vs>ft^Q fc -a>| 
■ | / >o i* ./Ob- a/s- i 
9 **S27t*M9-'-*Q \ 
apr M ~-rjol&ctA-4& 

.9 

•M M£J'0O3’ Cd\ 
'2 3-C<l 

/ MS2jo<3 -04 


*e mg cc 2 : 

2.X-// 7S* 


*OS-'3fcerj 

H>BW4±AJ 


AO too / -304 - 


" AO too / - OS / COJ 

- MiS7o39C‘*/< f9j 
/**S2/0‘¥£ - 3 rv> 
**/9*>o- C/C <v 


HD 0 HD 

sEa/wa/sk^v jo/A tr 

7US/&Z S/Zg 


• A&4K>/ - 

rrzzr: 


6V9 -<a< ? 

-/S 

- <3 ££****£&. *" 


3?, A&cv/-/ 

1 1^/0 0^363 -//pvs<< 

i — 1 _ -jirri: 





/ -*fc*c rc±r SAWCtfitc/j /^-sn^jAn^/y-r^ 


7/-JV 40 ^40 ' 


t | , At.'scy/ BoQ/ n ./ v * v . -j: . /r ///j^c 

l<t>>V» :X ? . T-.o, <i-.| y-cv^ QO^-IAHC Co-*., 


AD100 i-300. - Test specimen final assembly. 
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AD1001-302. - Support ribs - details and assembly. 
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AD 1001 -303. - Insulation system details and assembly. 
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AD1001-304. — 8upport structure assembly. 
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APPENDIX G 

Insulation System - Itediation Barriers 
Analysis 

The use of metal foil radiation barriers was considered to increase 
the insulation system efficiency by reducing heat transmission by radiation. 
The analytical evaluation is presented on the following pages. 

An evaluation of the manner in which heat is transmitted through low 
density fibrous insulations indicates that at temperatures above 811K (1000°F) 
the majority cl the heat transmission is by radiation. The two points in 
Fig. k of Ref. t-7 illustrates this effect vividly. The radiation component 
is a function of the cube of the absolute temperature. Therefore it appears 
attractive to attempt to reduce the radiation component to affect a reduction 
of the apparent thermal conductivity of the insulation at elevated tempera- 
tures. Various methods have been proposed to accomplish this, such as in- 
creasing the back scattering crura section by reducing fiber diameter, add- 
ind pacifiers, end modifying the emV.sivity of the fibers. These methods 
were out of the scope of this program Tbp cppi^ch investigated here in- 
volves the use of metal foils to block radiation transfer such as has been 
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successfully done in multiple foil cryogenic insulations. 

The evaluation was entirely analytical . To determine the effect of the 
foil the three main components of heat transnission through the insulation 
are assumed to act independently of each other. These components are; 
solid particle conduction, gaseous conduction, and internal radiation. For 1 

O o ^ 

low density p < 64 kg/nr (4.0 lbm/ft' 5 ) insulations at high temperatures the •; 

■I 

solid conduction component is very small compared to the gaseous and radiation 
components. The solid conduction component can he determined by subtracting t 

the gaseous and radiation component from existing measured data which contains I 


G-l 



all three component* . The gaseous component can be evaluated by methods 
presented in Ref. 0-1 and 0-2. 

The gaseous conductivity is 


gas 


ApC V L 
^ v a q 


( - JL- ) 

\ d * L / 


Equa. (1) 


where 


« constant depending on gas 

* density of gas 

* specific heat at constant volume 
= one molecular velocity 

* mean free path of gas molecule 
= distance between fibers 

, nR|, s 


a p, 


Equa. (2) 


where 


R = fiber diameter 


p = insulation density 


P s = fiber material density 

These equations basically state that the gaseous conduction component is 
dependent on gas pressure and fiber size for low density insulation. 

The radiation component is determined by methods presented in Ref. 4-7 and 
is given by the approximate equation 


l^T, 


M 


where 


r N 

o = Stephan Bolzman constant 


Equa. (3) 


M 


N 


mean absolute temperature 
back scattering cross section 


G-2 


Values for N, the back scattering cross section, are given in Ref. 4-7 and are 
show- in Fig. G-l. Examination of the equation for the radiation component 
cugt jsts that H is the inverse of the overall effective emissivity (sg^) 
through the insulation from the hot face to the cold face. That is. 


k r ’ Nit °V 


Equa. {U) 


From the radiation transmission standpoint the insulation can be thought of 
as a aeries of surfaces analogous to a multiple foil system. The 6 gpj. ft*r a 
series of layers is 


fi EFF * (2-e)(m-l) 

m » number of layers per unit thickness 


Equa. (5) 


where 

e « emissivity of layer 

By assuming that the addition of metal radiation foils is analogous to 
merely adding more surface to those already existing in the insulation a new 

t 

effective emissivity *gpp can he computed to determine the reduction in the 
radiation component when metal foils ere added. From equa. (5). 

c — + 1 Equa. (6) 


m = 


T&T 


EFF 


Assume r. = number of metal foils per ui it thickness 


! EFF = (2-e) (n + m-1) 


Equa. (7) 


Combining equations (6) and (7) and assuming that it is computed on the basis 
of the emissivity of the metal foils. 






Therefore the radiation component with n metal foils per unit thickness can be 
expressed as 


k 


r 
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Figure 0*1. - Backscattering cross section vs temperature for fibrous insulation (ref. 4-7) 
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APPEHDIX H 

THERMOCOUPLE HUMBER AMD LOCATIOM 


A correlation of thermocouple number and location is given. Table 
H-l lists the number and location. Figure H-l gives the coding system 
employed. 
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Table M-1. — Thermeouple (oaten 


(Fig. H-1) 


Skin - fairing penal 
Clip - fairing one! 

Standoff mate fairing panel 

Heat sink - fairing pawl 

Skin - fairing panel 

Skin - fairing panel 

Skin - fairing panel 

Clip - fairing panel 

Standoff web - fairing panel 

Heat sink - fairing panel 

Skin - fairing panel 

Skin - fairing panel 

Skin — fairing panel 

Clip — fairing penal 

Standoff web - fairing panel 

Heat sink — faking panel 

Skin — test panel 

Scin — tsst panel 

Skin - test panel 

Skin — test panel 

Clip - test panel 

Standoff web - test pawl 

Heat sink - test penal 

Skin - test panel 

Skin - test panel 

Insulation at 2" - test panel 

Insulation at IX” - test pend 

Insulation at 1” - test panel 

Insulation at X" - test panel 

Heat sink - fast panel 

Skin - test panel 

Corrugation bottom - test panel 

Edge seal - test panel 

Skin - tot panel 

SScin - test panel 

Corrugation bottom - test panel 

Insulation at 2” - test panel 

Insulation at IX” - tot penal 

Insulation at 1" - test panel 

Insulation at X” - test panel 

Heat sink - test panel 

Skin - test panel 

Corrugation bottom - test panel 

Heat sink - test panel 

Edge seel - test panel 

Skin - test panel 

Corrugation bottom - test panel 

Skin - test panel 

Clip - test panel 

Standoff web - test panel 

Heat sink - test panel 

Edge seal - test panel 



Caramo 

Geramo 


Ceramo 

Ceramo 

Ceramo 

Geramo 

Geramo 

Fiberglass 

Ceramo 

Ceramo 

Caramo 

Ceramo 

Ceramo 

Ceramo 


Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 


Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Fiberglass 

Ceramo 

Ceramo 


Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 

Ceramo 


H-2 


















fomber inside circle indicates quantity of 
Sew table H-1 for exact mounting point of 


































APPE8DIX I 

SUPPORT STTOCTOBM, - DETAIL STRESS ANALYSIS 


The TPS test article support structure detail stress analysis is presented 
on the fallowing pages. The support structure tor the Haynes 188 and Bene' 41 
test specinens are identical. 


SUPPORT STRUCTURE (DWG. ADIOOI-IOM 
l. 7 5-w| f<* — XB.5 - 
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. 20.0 


TPS 


r~- re, 


3T 


& 


SUPPORT 

STRUCTURE 


smg VIEW 


r.<5) 


1.25 


■ • - 1.75 

zr 


B*«* © is critical 
(BART AM.001-10i.-27) 

(2024-T6 MAT'L) 

F t« " * ** 

F ty * 50 ksi 

Ej * 10.7 x 10 6 psi 

E c ■ 10.9 x 10^ psi 


ITEM 

b 

h 

A 

Y 

AY 

AY 2 

I 

00 

1 

2( .21875 

.125 

.054688 

.0625 

.003418 

.000214 

.000071 

2 

- 

- 

.099709 

1.85444 

.184904 

.342894 

.000660 

i 

2( .125) 

1.4375 

.359375 

1.00 

.359375 

.359V75 

.061885 

4 

.6875 

.125 

.085938 

1.9275 

.166504 

.322601 

.000112 

5 



.099709 

.14556 

.014514 

.002113 

.000660 

Z 



.699419 


.728715 

1.027197 

.063388 


X - rgf - 1.04189 IN 



1 NA " + 2T oo - 2A * * 2 - -33134 IN 1 * 


I 


t 


T 1 






P R = 350 psf 
W * 28.6 LBS/IN 



•Maximum positive airload. The maximum pressure in the TPSTF is .025 
atmospheres or 52.9 psf 
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SUPPORT STRUCTURE (Continued) 

M = =» _ 199Q IN LflB ( md . Span ) 


TT * ff 

fb ‘ ^ ' te0 p,i 


M - s - r.i5?o2o7 _1 = 


SHEAR CLIPS (DWG ADlOOl-lOt-19) 

Max. shear occurs on beam 

V = y = = 1*66.6 LBS per end 

V/2 » 233.3 LBS per clip. 

233.3 

233.3 



7 CV-J .50 r 


Upper left fastener has highest load 
Resultant ■ 1*77.2 lb. 

Fastener Shear Allowable: 

LL20 lb. min (Ref. 16) 


M - s - ■ • -» • fl “ PLE 


Bearing: 


-h2L 

T125U 


Kg 

V’ 




‘b “ .125(jl907 = 19250 psi 


F bru = 78 ksl (Ref l6) 
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